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PREFACE 


The papers reprinted in this volume would not have seen the light 
of day had it not been for my family, my teachers and various 
academic institutions. In paying due tribute, it may be appropriate to 
explain briefly how I came to an interest in the subject of medieval 
Islamic astronomy. 

I imbibed the history of astronomy from an early age. When I was 
at high-school in England, my father, Henry C. King, wrote The 
History of the Telescope (1955) and The Background to Astronomy 
(1957). But my own interests were elsewhere, in other parts of this 
planet and other cultures. Little did I know at that time that I would 
one day choose to study the same Greek and Islamic astronomical 
traditions which my father had been researching for that second 
book! 

Somehow I survived the rigours and absurdities of a higher 
education restricted to mathematics, perhaps only by reading in 
history and religion and travelling regularly to Southern Europe. At 
the age of twenty I visited the Middle East: the peoples, culture and 
history of that region captivated me. My first appointment was with 
the Sudan Government Ministry of Education (1964-67), teaching 
English and Mathematics to high-school students in the provinces. 

From El-Fasher in Darfur I wandered to New Haven, 
Connecticut, there to immerse myself in Near Eastern Studies at 
Yale University. It seemed like a good idea at the time and turned 
out to be a move I have never regretted. Prof. Franz Rosenthal 
taught me how to read Arabic manuscripts instead of newspapers; 
Prof. Bernard Goldstein introduced me to Arabic scientific 
manuscripts and Ptolemaic planetary models; and Prof. Asger 
Aaboe taught me things not recorded in any book. At a seminar at 
Brown University I met Prof. E. S. Kennedy, the leading scholar in 
the history of Islamic astronomy, who at that time was on leave from 
the American University of Beirut. 

Through these personal and academic encounters my own 
professional fate was decided. It was quite apparent to me that the 
history of science in the Islamic world was an exciting field in which 
to conduct research on primary sources. Men who had discovered 


the same in previous decades, such as the Sédillots, Woepcke, Suter, 
Nallino, Wiedemann, Krause, Schoy, Luckey, Renaud, Millas, 
Neugebauer, Hartner, Kennedy, Ullmann, Pingree, Toomer and 
Goldstein, were as easy to admire as they were difficult to emulate. 
Scholars such as Brockelmann, Storey and Sezgin, who had by their 
monumental labours documented the Arabic and Persian manu- 
script sources available for the study of Islamic civilization, likewise 
aroused my deepest admiration and respect. 

For my doctoral dissertation, Bernie Goldstein suggested an 


investigation of the Hakimi Zij by the Fatimid astronomer Ibn Yunus. 


(A zij is an astronomical handbook with tables and explanatory text.) 
I set about gathering microfilms of the relevant manuscripts, and in 
Beirut Ted Kennedy guided me through that zij and others. George 
Saliba was also a student of Ted's at that time: he too was immersed 
in zijes. Our colleague Dave Gordon in the English Department at 
A.U.B. coined the phrase “zijjing about” to describe our activities. 
Also in Beirut for that year was Prof. Owen Gingerich of the 
Harvard-Smithsonian Center for Astrophysics, who introduced both 
George and me to medieval astrolabes and modern computers. 

Before I had finished the thesis (1972), I had stumbled upon the 
Cairo corpus of tables for timekeeping and the various tables of al- 
Khalili, and had recovered some of the "lost" material of Ibn Yünus 
in later Egyptian and Yemeni sources. Bernie Goldstein wisely 
advised me to suppress all this at least until I had finished the thesis, 
and it was to take many years before this new material had been 
digested and evaluated. 

Owen Gingerich saved a graduating doctoral student from the 
bleak prospect of unemployment by helping to organize a research 
project to catalogue the scientific manuscripts in Cairo. Initially 
proposed for two years, the project lasted seven (1972-79) and 
achieved rather more than its original aim. Based at the American 
Research Center in Egypt, it was funded by the Smithsonian 
Institution. and National Science Foundation, with additional 
support from the American Philosophical Society and the Ford 
Foundation. The project afforded me the opportunity to visit most 
of the major manuscript libraries in Europe and the Near East. No 
less stimulating was my appointment at New York University (1979 — 
present), teaching classical Arabic, Islamic Studies, and History of 
Science. Research funding was provided by the National Science 
Foundation, the National Endowment for the Humanities, the 
Hagop Kevorkian Fund, and the University itself. During this 


Xi 


period, my interests moved towards folk science and its practical 
applications in daily life, although I still enjoyed "zijjing about" and 
trying to crack medieval tables. 

The papers collected here describe some of the materials located 
in previously untapped manuscript sources. Paper no. I offers some 
personal reflections on the present state of the field, which I hope 
will draw attention both to the importance of the Islamic 
astronomical tradition and to the vast amount of material awaiting 
scholars in the future. 

Paper II describes the tables not discussed by Ted Kennedy in his 
survey of Islamic zijes published in 1956. In a sense, both of our 
papers are mistitled, and mine is simply a supplement to his. 

Part of my own research has been to survey each of these 
categories of tables. For example, Papers IX, X and XII are 
overviews of astronomical timekeeping in the three main areas 
where it was practised, and Papers XIV and XV describe the 
different kinds of tables used by medieval astronomers for 
multiplication and division. 

Paper XIII concerns the determination of the qibla or sacred 
direction in Islam. A great deal of my more recent research has been 
on the non-mathematical procedures which were commonly used in 
practice and which account for the wide variation in orientations of 
medieval mosques. Papers on this aspect of the qibla problem, which 
fall into the category of folk science, are not reprinted in this 
volume. 

The reviews of two popular works on Islamic science are included 
as Papers XVII and XVIII in the hope that at least readers of these 
reviews will see that the books concerned should not be taken as 
authoritative. Future authors of such surveys should familiarize 
themselves with at least some of the abundant secondary literature 
on Islamic science before attempting to describe the Muslim 
achievement in this area. 

To each of the institutions and individuals mentioned above I owe 
a great deal. To my wife Patricia, who shared my involvement with 
Ibn Yünus, al-Khalili, and various other medieval astronomers from 
Andalusia to Central Asia, I owe still more. This volume is 
dedicated to my parents, who made the whole venture possible and 
encouraged me at every step of the way. 

DAVID A. KING 


PUBLISHER'S NOTE 


The articles in this volume, as in all others in the 
Collected Studies Series, have not been given a new, 
continuous pagination. In order to avoid confusion, and to 
facilitate their use where these same studies have been 
referred to elsewhere, tlie original pagination has been 
maintained wherever possible. 

Each article has been given a Roman number in order 
of appearance, as listed in the Contents. This number is 
repeated on each page and quoted in the index entries. 


Some Reflections om the 
History of Islamic Astronomy 


(Adapted from an article in the Bulletin of the Middle East 
Studies Association of North America, 4 (1980), pp. 10-26) 


Before the advent of Islam the Arabs of the peninsula had an 
intimate knowledge of the sun and moon and the changing 
night sky throughout the year, as well as the meteorological 
phenomena associated with the seasons. Since the sun, moon, 
stars and winds are specifically mentioned in the Qur’ dan, 
there was considerable interest in the heavens, both in the 
early Islamic community of the Hejaz and, in later centu- 
ries, throughout the entire Islamic world from the Maghrib 
to Indonesia. The astronomical folklore of the Arabs was 
documented for the first time in the eighth and ninth cen- 
turies and was discussed in a wide variety of treatises 
thereafter. Applications of folk astronomy to certain 
aspects of religious life, such as the regulation of the 
lunar calendar, the determination of the times of prayer, 
and the fixing of the sacred direction (qibla), are dis- 
cussed in independent compilations and also feature in 
books dealing with the sacred law. 


During the millenium which followed the introduction of a far 
more "sophisticated" mathematical astronomy from Indian, 
Sasanian and Hellenistic sources to the vigorous cultural 
scene of Abbasid Iraq in the eighth and ninth centuries, 
Muslim scholars made substantial contributions to all 
aspects of astronomy. They compiled a remarkably rich and 
varied corpus of astronomical literature, dealing with 
planetary astronomy, spherical astronomy, timekeeping, 
instruments and astrology. In addition, these works treat 
of the regulation of the calendar, prayer-times and sacred 
direction by mathematical means. 


The two distinct branches of astronomy practised by Muslim 
scholars until the nineteenth century possessed a pronounced 
Islamic flavour and went far beyond classical folk astronomy 
and mathematical astronomy in their interests and applica- 
tions. Islamic astronomy should not be thought of merely as 
an intermediary between classical and early European astron- 
omy, not least because the vast majority of Islamic astron- 
Omical works were unknown in the West and hence were 

without any influence there. 


[2] 


Islamic texts on folk astronomy and mathematical astronomy 
are preserved in the manuscript libraries of the Near East, 
India, Central Asia, Europe and the United States. Cata- 
logues of varying quality exist for most collections of 
manuscripts written in Arabic, Persian and Turkish, but most 
were prepared by individuals who had little or no interest 
in scientific literature per se. The model catalogue is 
that of W. Ahlwardt for the Berlin collection, but most 
cataloguers are not so fortunate as Ahlwardt, who had the 
manuscripts shipped to him at his home. For some of those 
collections which were catalogued at an early date, such as 
the Bodleian Library in Oxford, there is no supplementary 
catalogue of more recent acquisitions. Likewise, the 
holdings of what is now the Egyptian National Library in 
Cairo were catalogued in 1890, and the new manuscripts 
acquired between 1930 and 1950 were catalogued in the 
1950’s. But vast numbers of manuscripts were acquired 
between 1890 and 1936 and these were catalogued only in the 
1970’s. Both in Europe and the Near East there are several 
important collections which are not yet catalogued at all. 
The largest and richest collection of Arabic manuscripts in 
general, and scientific manuscripts in particular, namely, 
that in the Süleymaniye Library in Istanbul, is without a 
published catalogue. 


The first bio-bibliographical survey of the available 
medieval literature relating to astronomy and mathematics 
was published by H. Suter in 1900. This fundamental 
reference work was based mainly upon the information 
contained in catalogues of European collections. Addi- 
tional information for Arabic and Persian sources was 
provided in the monumental surveys of Arabic and Persian 
literature by C. Brockelmann and by C.A. Storey.  H.P.J. 
Renaud contributed useful additions, mainly for Maghribi 
scientists, and M. Krause identified many, but not all, of 
the early scientific works represented in the Süleymaniye. 


The recent publication of F. Sezgin's volumes of his history 
of the Arabic literature up to ca. 1050 (in German) relating 
to mathematics, astronomy, folk astronomy and astrology in 
the early period of Islamic civilization, and the survey (in 
Russian) by G.P. Matvievskaya and B.A. Rosenfeld of the 
scientific literature up to the eighteenth century, open up 
numerous new avenues for research. For the later period the 
number of available manuscripts has been increased consid- 
erably through my recent cataloguing extravaganza in Cairo. 


Anyone who leafs through the new volumes of Sezgin's survey 
will see the amount of scientific material available from 
the first four centuries of Islam alone, but the sources 
from later centuries are yet more abundant. Also — and this 
is a point to be stressed with those who underestimate the 
importance of the history of Islamic science - the physical 
size of Sezgin's volumes on alchemy and medicine, and 
astronomy and mathematics, amounts to almost the same as the 
total size of his volumes on traditional Islamic sciences, 
such as Qur'an studies and commentaries, hadith, theology, 
law, history and poetry. This observation is not intended 


(3] 
to suggest that the amount of scientific source material 
currently available in any way approaches the amount of avail- 
able religious, historical or literary material, but to F. 
Sezgin and his monumental work goes the credit for illus- 
trating the importance of science in Islamic civilization. 


Numerous Islamic astronomical instruments are preserved in 
museums around the world. A valuable survey of Muslim 
instrument makers was published in 1956 by L.A. Mayer. The 
forthcoming survey of Islamic astrolabists and their works 
by ñ. Brieux and F. Maddison promises to include a substan- 
tial amount of new information and to revive some interest 
in Islamic instrumentation. 


The history of astronomy and mathematics in Islamic civiliza- 
tion has been documented by a series of scholars of diverse 
national backgrounds who have somehow acquired the necessary 
linguistic and technical skills and then investigated some 
of these manuscripts for themselves. Some of these scholars, 
with their diverse backgrounds and intellectual interests, 
are Arabists who have become interested in the Islamic 
scientific tradition: others started life as classicists or 
mathematicians. (There is no need to be an astronomer to 
undertake research in the history of Islamic astronomy.) 

Such is the extent and variety of the source material that 
all of these scholars have made original discoveries in 
whichever aspect of the subject attracted their attention. 


The study of the history of Islamic astronomy and mathemat- 
ics began in earnest with the labours of J. Sédillot and his 
son, L.A.P. Sédillot, and the German F. Woepcke in nine- 
teenth-century Paris. At the beginning of the present cen- 
tury, the Italian Arabist C.A. Nallino and H. Suter, a 
mathematics teacher from Zurich, were the leading scholars 
in the field. Between World Wars I and II the most serious 
activity was conducted in Germany, with scholars such as J. 
Ruska, E. Wiedemann, K. Schoy, M. Krause and P. Luckey 
making outstanding contributions. In the early fifties, the 
American scholar E.S. Kennedy turned his attention to 
Islamic astronomical handbooks with tables (zz yes) and 
initiated a series of studies still in progress. Based at 
the American University of Beirut, Kennedy was inspired by 
the example of O. Neugebauer, whose treatment of the sources 
for the history of ancient astronomy and mathematics stood 
as a model. 


In the U.S.S.R., groups of scholars working mainly in Moscow 
and Tashkent and inspired by the example of such scholars as 
A.P. Youschkevitch and B.A. Rosenfeld. have also made valu- 
able contributions to the field. In postwar Germany, W. 
Hartner produced a series of masterful monographs. In 
Spain, the eminent scholar J. Mill4s Vallicrosa initiated a 
series of studies himself and inspired several younger 
scholars to continue in the same tradition. In Turkey, A. 
Sayili conducted several studies of major importance, and 
found at least one student to continue. In the past two 
decades several prominent Arab scholars, working mainly in 
Europe or the U.S.A., have made substantial contributions. 


[4] 

Nowadays, individual scholars working mainly in the U.S.A. 
and the U.S.S.R., as well as Canada, France, (F.R.) Germany, 
Spain and Turkey, are publishing on Islamic astronomy and 
mathematics. Inspired by the example of Neugebauer and 
Kennedy, and aided by the bibliographical tools of Suter, 
Storey, Sezgin, and Matvievskaya and Rosenfeld, this is an 
exciting field for original research. The Festschrift for 
Prof. Kennedy, to be published in 1985, reveals the wide 


spectrum of backgrounds and interests of many of the scholars 


currently working in the field. 


Most of the secondary literature is in German, French, 
English, Spanish, Russian, Italian and Turkish, and no one 
scholar has yet attempted to survey the whole field using 
the wealth of available material. Various books which have 
appeared in recent years purporting to present an overview 
of Islamic science have been quite unsuccessful, not least 


because their authors were familiar with neither the primary 


nor the secondary sources. The time is ripe for a survey, 
but it should be a collaborative effort of the various 
specialists in each field. R. Rashed in Paris is currently 
gathering contributions on different aspects of Islamic 
Science for a general history of the subject. 


As a branch of Islamic studies, the history of Islamic 
astronomy has not fared well. In J. Sauvaget's Intro- 
duction to the History of the Middle East (revised ed., 
1965), the sciences in Islam were dismissed in a few lines. 
In the publication entitled The Study of the Middle East: 
Research and Scholarship in the Humanities and the Social 
Sciences (1976), sponsored by the Middle East Studies 
Association of North America, the sciences in Islam were 
completely ignored. Aware of this deficiency, Prof. Jere 
L. Bacharach of the University of Washington in Seattle 
encouraged me to write the article (now completely revised 
and substantially enlarged) from which these remarks are 
taken, as he did Prof. J. Len Berggren to write on recent 
research in Islamic mathematics. 


As a branch of the history of astronomy in general, Islamic 
astronomy has not yet gained its rightful place.  Histor- 
ians of astronomy still tend to see Muslim astronomers as 
preservers and transmitters of classical astronomy to 
Europe. In fact, in the literature on the history of 
science (as distinct from Islamic studies), there has been 
no improvement as yet on the chapter "Oriental Astronomers" 
in J.L.E. Dreyer's history of astronomy first published 
about 1900. B.A. Rosenfeld and the present writer have 


contributed a survey of Islamic astronomy to the forthcoming 


General History of Astronomy. 


The scientific endeavours of Muslim scholars in medieval 
times have yet to be fully recognized and duly appreciated 
in the West, but it will take still longer for them to be 
recognized in the Muslim world. Most popular accounts in 
contemporary Arabic are summarized from Western popular 
accounts or they are either simply incompetent or based on 


[5] 


fantasy. It is to be hoped that the achievements of Muslim 
scientists in the medieval period will be presented to 
future generations in their proper historical perspective 
(which is not that presented in most Western accounts). Of 
particular interest to Muslim audiences should be the 
history of the different aspects of astronomy as applied to 
everyday religious practice, but there are still no accounts 
of this subject in Arabic. 


The establishment of the Institute for the History of Arabic 
Science in Aleppo a few years ago, and the appearance there 
of a first-rate journal devoted entirely to the history of 
Islamic science (edited at first mainly by E.S. and M.-H. 
Kennedy) was thought to augur well for the future of our 
subject. At the present time, however, this Institute seems 
partially paralyzed by political developments in Syria, and 
a good share of hope for the future centres on the newly- 
founded Institut für Geschichte der Arabisch-Islamischen 
Wissenschaften in Frankfurt, directed by Prof. Sezgin, and 
the new journal to be published there starting in 1985. 


There are so few scholars working on the vast corpus of 
available materials that it would be most useful to have at 
hand facsimile reproductions of manuscripts of particular 
importance. The new Institute in Frankfurt has undertaken a 
series of such editions. At present the historian of 
Islamic science has to rely mainly on microfilms or photo- 
graphs of manuscripts, which some libraries are unable or 
simply refuse to supply. The more fortunate scholar with a 
travel grant may have access to the major libraries of 
Arabic scientific manuscripts; but it would be useful indeed 
to have a central repository of microfilms and the new 
Institute in Frankfurt has this potential. 


Not only is the importance of the scientific tradition in 
medieval Islam unquestionable, but there is also no dearth 
of primary research material available for anyone who has 
the basic qualifications necessary to handle it. In all, 
only three out of about 200 Islamic astronomical handbooks 
(zijes) have been published. We have no published edition 
of the Arabic versions of the Elements or the Almagest, nor 
of any Arabic recensions thereof or commentaries thereon. 
But then only in 1974 did there appear the first modern 
commentary on the Almagest (by O. Pedersen), and only in 
1984, the first scholarly English translation of this 
monumental work (by G. Toomer). 


L.A. Sédillot, whose privilege it was to work in the rich 
collection of manuscripts in Paris, wrote in 1845: “Chaque 
jour amène quelque découverte nouvelle et vient démontrer 
l'extreéme importance d'un examen approfondi des manuscrits 
de l'Orient." Given the vast amount of available material 
gathering dust in the libraries of Europe, the Near East, 
India and Central Asia, and the relatively small number of 
scholars currently working in this field, Sédillot's 
statement is no less true in our time than it was over 125 
years ago. 


II 


ON THE ASTRONOMICAL TABLES 
OF THE ISLAMIC MIDDLE AGES 


The traditional approach of historians of science to Islamic astronomy 
has been to stress the contribution which it made to European astronomy !. 
The works of the two most famous astronomers of Islam, al-Khwarizmi? 
and al-Battàni?, are based respectively on the Indian and Hellenistic 
traditions, and judged by the achievements of these individuals Islamic 
astronomy ranks as little more than an intermediary, albeit an important 
one, between elassieal and medieval European astronomy. Two other 
Islamie works which were known in medieval Europe, namely the tre- 


١ The best summaries of Islamic astronomy are by J. L. E. Dreyer in A History 
of Astronomy from Thales to Kepler, second edition., New York, 1953, Chapter 11, 
and C. Nallino's article “Astronomy” in the Encyclopaedia of Islam, first edition, 
Leiden, 1913 —34, (both long out of date), and D. Pingree's article “Ibn al-hay'a" 
in the Encyclopaedia of Islam, 2nd. ed., Leiden, 1960 —. See also the penetrating 
study in D. Pingree, T'he Greek Influence on Early Islamic Mathematical Astronomy, 
“Journal of the American Oriental Society”, 93, 1973, pp. 32—43. 

2 al-Éhwáarizmi's astronomical handbook, compiled ca. 840, is unfortunately 
lost, but we do possess a Latin version of a greatly modified recension of the original 
work by al-Majriti (fl. ca. 1000), published in H. Suter, Die astronomischen Tafeln 
des Muhammed ibn Musa al-Khwüàrizmi in der Bearbeitung des Maslama ibn Ahmed 
al- Madjritt und der latein. Uebersetzung des Athelhard von Bath, “Kgl. Danske Vidensk. 
Skrifter, 7. R., Hist. og filos. Afd." 3/1, 1914, and supplemented with an English 
translation and new commentary by O. Neugebauer, The Astronomical Tables 
of al-Khwàárizmi, “Kgl. Danske Vidensk. hist.-fil. Skrifter”, 4/2, 1962. ` 

3 On al-Battàni see the article by W. Hartner in the Dictionary of Scientific 
Biography, New York, 1970 —. His astronomical handbook was edited with an anno- 
tated Latin translation by C. Nallino, al-Battani sive Albatenii Opus Astronomicum, 
3 vols., Milan and Rome, 1899 —1907. 
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atises of al-Farghàni* and al-Bitrüji5, confirm this impression: the former 
is a summary of the non-mathematical parts of Ptolemy's Almagest and 
the latter a misguided attempt to adapt simplified Ptolemaic planetary 
models to an Aristotelian system. 

Now the manuscript libraries of the Near East, Europe, and North 
America, contain thousands of Islamic astronomical manuscripts, the 
contents of which demand a complete reappraisal of the Muslim achieve- 
ment in the exact sciences. These manuscripts are mainly of works which 
were not transmitted to Europe, and many of them represent the results 
of keen and scholarly activity in astronomy during the period from 750 
to 1500. The high scientific level of this activity is especially apparent 
in the extensive tables which were compiled by the Muslim astronomers, 
and the purpose of this paper is to describe certain categories of Islamic 
tables which were not transmitted to Europe, as far as we know*, and 
which have only recently come to light during research on manuscripts. 

Very few of the numerous collections of Arabie and Persian manuscripts 
have been properly investigated yet. For certain major libraries there 
exist catalogues, although of widely divergent quality’, and the availa- 
bility of microfilms of manuscripts in certain collections lessens the need 
for the modern scholar to wander from one library to another like a me- 
dieval peripatetic. 

The manuscripts which are our source material vary greatly in the 
quality of their contents, particularly since the uncritical copying of 
medieval astronomical manuscripts continued in the Near East until 
the 19th century. Many works from the early period of Islamic astronomy 
are unfortunately lost, and the majority of extant manuscripts are of 
later works. Nevertheless there are enough reliable manuscripts of works 
of consequence dating from the 8th to the 15th centuries for us to recon- 
struct a picture of the real contributions of the Muslim scholars. 

The first attempt to make a bibliographical survey of the Muslim 
scientists and their works was made by H. Suter’, who in 1900 published 


* al-Fargháni's epitome of the Almagest was published in 1669 by J. Golius. 
See also note 43 below. 

* The Arabic text of his treatise and a medieval Hebrew translation, together 
with an English translation and a valuable commentary, have been published by 
B. Goldstein, Al-Bitrüjt: On the Principles of Astronomy, 2 vols., New Haven and 
London, 1971. 

* Further research on Hebrew and Latin astronomical manuscripts may reveal 
transmission of some of this material to medieval Europe. 

7 Catalogs are listed in A. J. W. Huisman, Les Manuscrits Arabes dans le Monde: 
une Bibliographie des Catalogues, Leiden, 1967. 

s See H. Suter, Die Mathematiker und Astronomen der Araber und ihre Werke, 
"Abhandlungen zur Geschichte der mathematischen Wissenschaften", 10, 1900, and 
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a list of over 500 Muslim astronomers and mathematicians, noting the 
titles of all their known compilations and all of the extant manuscripts 
attributed to each author. Suter's valuable book was largely based on 
the manuscript catalogues available to him and on medieval Arabie bio- 
graphies and bibliographies. Although very much out of date it is still 
the most useful tool of the student of the exact sciences in Islam. The 
information which it contains is now supplemented by the indispensable 
bibliographical works of C. Brockelmann and F. Sezgin. G. Sarton’s 
voluminous writings on the Muslim scientists contain useful bibliogra- 
phieal information but. otherwise are all highly derivative’. 

The first large-scale attempt to investigate Islamic astronomical ta- 
bles was made by E. S. Kennedy. In 1956 he published a survey of the 
Islamic astronomical handbooks known as zijes™, of which the zijes of 
al-Khwáàrizmi and al-Battàni are examples. In Arabic the word zz) could 
also be applied to the Almagest and the Handy Tables, and to the De 
revolutionibus and the Prutenic Tables. Kennedy’s survey listed over 120 
Islamic zijes, many of which are stil extant, although until now only 
three have been published !!. His research has also involved a systematic 
analysis of the parameters underlying the planetary tables in those zijes 


14, 1902, pp. 157 —185, and the additional information in H. J. P. Renaud, Addi- 
tions et Corrections à Suter "Die Mathematiker und Astronomen der Araber", “Isis”, 
18, 1932, pp. 166 —183, and M. Krause, Stambuler Handschriften islamischer Mathe- 
matiker, “Quellen und Studien zur Geschichte der Mathematik, Astronomie, und 
Physik", Abt. B, 3/4, 1936, pp. 437 —532. 

° Cf. C. Brockelmann, Geschichte der arabischen Litteratur, 2 vols., (2nd. ed.), 
Leiden, 1943 —49, and Supplementbánde, 3 vols., Leiden, 1937 —42; F. Sezgin, Ge- 
schichte des arabischen Schrifttums, Leiden (volumes on mathematics and astronomy 
are currently in press); and G. Sarton, Introduction to the History of Science, 3 vols., 
Baltimore, 1927 —48. 

1 E.S. Kennedy, A Survey of Islamic Astronomical Tables, “Transactions 
of the American Philosophical Society", N.S., 46/2, 1956. pp. 123 — 177. It is hoped 
to prepare a new edition of the survey, including several dozen zijes that have come 
to light in the past twenty-five years, and listing the basic parameters used in all 
extant 25768 or noted in other sources. Š 

" Namely, the Zijes of al-Khwarizmi (in a form rather different from the ori- 
ginal) and al-Battàni (see notes 2 and 3 above), and al-Birüni's al-Qamun al- Mast- 
«di (edited by M. Krause and published in Hyderabad, 1954 —56). A suminary 
of the latter by E. S. Kennedy is shortly to appear in “al-Abhath”. Mention should 
also be made of the so-called Almanac of al-Zarqàllu (ca. 1100), published by J. Millás 
Vallierosa, Estudios sobre Azarquiel. Madrid-Granada, 1943—50, pp. 153—237, 
and analyzed by M. Boutelle, The Almanac of Azarquiel, "Centaurus", 12, 1967, 
pp. 12 —20; the Toledan Tables, analysed by G. J. Toomer, À Survey of the Toledan 
Tables, “Osiris”, 15, 1968, pp. 5— 174; the introduction to the Zu of Ibn al-Banna’, 
edited and translated by J. Vernet Ginés, Contribución al Estudio de la Labor Astro- 
nómica de Ibn al-Banna’, Tetuan, 1952; the introduction to the Zu of Ulugh Beg, 
edited and translated by L. A. Sédillot, Prolégoménes des Tables Astronomiques 
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which are still available, in order to establish their relations with other 
sources, and the preparation of detailed studies on individual tables 
for planetary equations and latitudes, parallax, lunar and planetary 
visibility, and eclipse computations!?. There are numerous 2ijes of great 
interest which deserve further investigation, but the number of workers 
in this field is few indeed. 

The tables which I describe in the sequel are not generally contained 
in 22266. They have been located by searching through manuscript cata- 
logues and inspecting large numbers of manuscripts. The computational 
accuracy of these tables, generally high, has been investigated using 
electronic computers 13. ١ 


Sexagesimal multiplieation tables 


We shall begin with arithmetical multiplieation tables. All Islamic 
astronomical tables have entries written in Arabie alphabetical notation 14 
and expressed sexagesimally, that is, to base 60. À number equivalent to 


23 15 54 seconds, 


d'Oloug Beg, 2 vols., Paris, 1847 —1853; and al-Marrdkushi’s treatise on spherical 
astronomy, translated by J.-J. Sédillot, Traité des Instruments Astronomiques des 
Arabes Composé au Treiziéme Siécle par Aboul Hhassan Ali de Maroc Intitulé Jamie 
ai-mabádi' wa-l-ghdyat, 2 vols., Paris, 1834—35. 

12 Examples of such studies are the papers by E. S. Kennedy, Parallax Theory 
in Islamic Astronomy, "Isis", 47, 1956, pp. 33—53; A Set of Medieval Tables for Quick 
Calculation of Solar and Lunar Ephemerides, "Oriens", 18—19, 1967, pp. 327 —334; 
(with M. Agha) Planetary Visibility Tables in Islamic Astronomy, “Centaurus”, 7, 
1960, pp. 134—140; (with M.-L. Davidian) Al-Qàyini on the Duration of Dawn and 
Twilight, “Journal of Near Eastern Studies", 20, 1961, pp. 145 —153; (with N. Faris) 
The Solar Eclipse Technique of Yahya b. Abi Mansür, "Journal for the History of 
Astronomy", 1, 1970, pp. 20—38; (with M. Janjanian) The Crescent Visibility Table 
in al-Khwdriemi’s Zij, "Centaurus", 11, 1965, pp. 73—78; (with H. Salam) Solar 
and Lunar Tables in Early Islamic Astronomy, "Journal of the American Oriental 
Society”, 87, 1967, pp. 492 —497; and (with W. Ukashah) Al-Khwdrizmi’s Planetary 
Latitude Tables, “Centaurus”, 14, 1969, pp. 86 - 96. There are several classes of Isla- 
mic astrological tables on which there is as yet no published material, such as tables 
for the astrological houses and the projections of the rays, but Prof. Kennedy has 
also done extensive research on these. 

18 On the use of computers in the history of astronomy see, for example, E. 8. 
Kennedy, The Digital Computer and the History of the Exact Sciences, “Centaurus”, 
12, 1967, pp. 107 —113, and O. Gingerich, Applications of High-Speed Computers 
to the History of Astronomy, in A. Beer, ed., Vistas im Astronomy, 9, London, 1967, 
pp. 229 —236. I have recomputed most of the examples known to me of the various 
categories of tables described in this paper. 

4 On this convention see R. A. K. Irani, Arabic Numeral Forms, “Centaurus”, 
4, 1955, pp. 1—12. 
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which in modern sexagesimal notation is 
23; 15, 54, 


means 


23 +15 /60 +54/3600, 


23.265. 


In sexagesimal arithmetic, more so than in decimal arithmetic, it 
is useful to have à multiplication table at hand. Such tables are also 
useful for division. We now have numerous examples of Islamie sexa- 
gesimal multiplication tables 15 which give products 


mxn(mandn = 1,2, ..., 60) 
such as 
27 x51 = 22,51 ( = 1377). 


One partieular table gives products 


m x n(m = 0,1, 0,2, ..., 59,59, 60,0) 


(n = 1,2, ..., 60) 
such as 
40,27 x 37 = 24,56,39 


The more common variety contains about 3,600 entries and the large 
table contains a grand total of 216,000 entries. Fig. 1 shows an extract 
from this table: there are 180 such pairs of facing pages in the entire set. 


Trigonometric tables 


Most zijes contain tables of the sine and tangent functions for each 
whole, or half, or quarter degree of arc**. Entries are generally given 
to three sexagesimal digits, corresponding roughly to five decimal digits. 
But certain Muslim seholars compiled more extensive sets of trigono- 
metric tables which were not included in zijes. Already in the early 10th 
century al-Samarqandl prepared a set of tangent tables with entries to 


!5 See further D. A. King, On Medieval Islamic Multiplication Tables, " Historia 
Mathematica" I, 1974, pp. 317 —323. 

1* See further Kennedy, op. cit. (note 10), pp. 139—140; and C. Schoy, Beiträge 
zur arabischen Trigonometrie, "Isis", 5, 1923, pp. 364—399, and Uber den Gnomon- 
schatten und die Schattentafeln der arabischen Astronomie, Hannover, 1923. 
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Fig. 1. Extract from the sexagesimal multiplication tables in MS Paris Bibliothéque 

Nationale ar. 2552 (fols. 11v — 12r). The horizontal arguments in this particular sub- 

table are 3,21, 3,22, ..., 3,40, and the vertical arguments are 1, 2, ..., 60. Reproduced 

with kind permission of the Director of the Section Orientale de la Bibliothéque Na- 
tionale, Paris. 
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Fig. 2. Extract from Ibn Y ünus' sine tables in MS Berlin Ahlwardt 5752 (= Land- 
berg 1038, fols. 13v — 14r). The right hand page serves arguments between 22;1? 
and 23;0° and the left hand page serves arguments between 23;1? and 24;0°. The 
two main columns on the right hand side of each page display the values of the sine 
function to five sexagesimal digits for each minute of arc, and the two remaining 
main columns on each page display the differences to be added for each second of 
arc. Reproduced with kind permission of the Director of the Orientalische Abteilung 
der Staatsbibliothek, Berlin. 


three sexagesimal digits for each minute of arc”. Again, in the late 10th 
century the Egyptian astronomer Ibn Yünus tabulated the sine function 
to five sexagesimal digits, or about nine decimal digits, for each minute 
of are, also giving the differences for each second. He also tabulated 
the tangent function for each minute of arc, and the solar declination 
for each minute of solar longitude??. Fig. 2 shows two pages of entries 

" Suter, op. cit. (note 8), no. 501a. (al-Samarqandi is mentioned in the late 
lOth century Hakim, Zi of Ibn Yunus.) 

18 See further C. Schoy, Beiträge zur arabischen Trigonometrie, (see note 16), 


pp. 394 —395, and D. A. King, The Astronomical Works of Ibn Yunus, doctoral dis- 
sertation, Yale University, 1972, pp. 85 —89, 96 —99, and 109. 
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from Ibn Yünus' sine tables. Whilst these tables are not particularly 
accurate, they prove that for a mathematician his heart was in the right 
place. Over four centuries were to elapse before the compilation in Samar- 
qand of the magnificent trigonometric tables contained in the Zi of 
Ulugh Beg and later also copied separately. These give the values of the 
sine and tangent to five sexagesimal digits for each minute of argument, 
and are generally accurate in the last digit. 


Spherical astronomical tables 


Certain zijes contain extensive tables of spherical astronomical func- 
tions. Already in the late tenth century Hàkimi Zij of Ibn Yunus, for 
example, the oblique ascensions are tabulated for each degree of terres- 
trial latitude and each degree of ecliptic longitude? 

However, there is another class of such tables which exists in the 
manuscript sources, though not generally in zijes, concerned with what 
is called in Arabie ‘ilm al-migqdt, timekeeping by the sun and stars 22. 
Already about the year 950 “Ali b. Amàjür of Baghdad compiled a table 
giving the time since sunrise as a functions of solar meridian altitude 
and instantaneous altitude, for each degree of both arguments ?*. Numer- 
ous similar tables for timekeeping by the sun and stars were compiled 
by later Muslim astronomers for different latitudes, as well as tables 
based on approximate formulae which work reasonably well for all lati- 
tudes. We also have several examples of tables giving the time as a func- 
tion of solar altitude and the solar longitude. Each of these tables for 
timekeeping contains several thousand entries. One remarkable table 
compiled in Cairo about 1250 by Najm al-Din al-Misri??, which gives 
the time since rising of the sun or a star as a function of its altitude for 


! On these tables see C. Schoy, Die Trigonometrischen Lehren des persischen 
Astronomen Abi 'l-Raihán Muh. Ibn Ahmad al-Bīrūnī dargestellt nach al-Qamum al- 
- Mas^üd1, Hannover, 1927, pp. 92 — 108. On the Zu of Ulugh Beg see E. 3. Kennedy, 
op. cit. (note 10), no. 12. 

20 See further D. A. King, op. cit. (note 18), pp. 139—141. 

2. I have prepared a survey of several dozen medieval Islamic tables for reckoning 
time by the sun and stars, which is currently being submitted for publication. The 
only previous analysis of such a table is contained in B. R. Goldstein, 4 Medieval 
Table for Reckoning Time from Solar Altitude, “Scripta Mathematiea", 27, 1963, pp. 
61 — 66. 

72 On Ibn Amáàjür see Suter, op. cit. (note 8), no. 99. 

23 On Najm al-Din al-Misri see Suter, op. cit. (note 8), no. 460. An incomplete 
Oxford manuscript of his main tables was investigated for the first time in July, 
1973. The other half of the same manuscript was discovered in the Egyptian National 
Library on the day before I left Cairo for the Colloquia Copernicana in Torun. 
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Fig. 3. Extract from Najm al-Din al-Misris universal table for timekeeping, taken 

from MS Oxford Bodleian Marsh 672 (fols. 33v —34r). Both pages serve merdan 

altitude 79° and half arcs of visibility 121°, 122°, ..., 150°, entered vertically. The 

instantaneous solar or stellar altitude 32°, 33°, , T0 is entered horizontally, and 

the entry in the table is the time since rising of the sun or star, expressed in equa- 

torial degrees and minutes. Reproduced with kind permission of the Keeper of Orien- 
tal Books, Bodleian Library, Oxford University. 


all declinations and terrestrial latitudes, contains over a quarter of a mi- 
lion entries. In this table one feeds in three arguments, namely, the 
meridian altitude of the sun or star, the instantaneous altitude, and 
half the are of visibility, and the appropriate entry is the time since 
rising. Fig. 3 shows an extract from this enormous table. 

Other Islamic tables give, for example, the solar azimuth as a function 
of the solar altitude and longitude for particular latitudes, or the longi- 
tude of the ascendant as a function of the altitude of the sun or fixed 
stars. Fig. 4 shows an extract from a table displaying the longitude of the 
ascendant as a function of solar altitude and longitude, computed for 
the latitude of Taiz by the Yemeni astronomer Abū l-^Uqül about the 
year 1300. 
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Fig. 4. Extract from the tables for timekeeping computed for the latitude of Taiz 
(taken as 13;40°) by Abü 1-°Uq iil, contained in the unique source MS Berlin Ahlwardt 

5720 (=Mq. 733, fols. 56v —57r). This particular table displays the longitude of the 
ascendant (horoscopus) as a function of solar longitude for solar altitude 43°. For 

each degree of solar longitude entries are given in signs, degrees, and minutes for 


both eastern and western altitudes. Reproduced with kind permission of the Director 
of the Orientalische Abteilung der Staatsbibliothek, Berlin. 
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Tables for the times of Muslim prayer 


An important aspect of Islamic timekeeping was the regulation of 
the times of the five daily prayers^. These are defined in terms of the 
apparent daily passage of the sun across the heavens, and their deter- 
mination was the concern of the muwaggiis, that is, the astronomers 


* The standard work on the determination of the times of Muslim prayer is 
J. Frank and E. Wiedemann, Die Gebetszeiten im Islam, “Sitzungsberichte der 
phys.-med. Sozietát zu Erlangen”, 58, 1926, pp. 1 —32, reprinted in E. Wiedemann, 
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Fig. 5. Extract from the main Cairo corpus of tables for timekeeping, generally 
attributed to Ibn Y ünus, taken from MS Chester Beatty 3673 (fols. 15v — 16r). The 
right hand page displays the time in equatorial degrees from midday to the begin- 
ning of the afternoon prayer, and the left hand page displays the solar altitude when 
the sun is in the azimuth of Mecca. Entries are given to two sexagesimal digits for 
each degree of solar longitude. The three right hand and left hand columns on each 
page serve northern and southern declinations,, respectively, taking advantage of 
the symmetry of the tabulated functions about the solstices. Reproduced with kind 
permission of the Librarian of the Chester Beatty Library, Dublin. 


associated with the principal mosques. The Muslim day begins at sunset, 
and the interval during which the first prayer is to be performed lasts 
from sunset to nightfall. The interval for the second prayer begins at 
nightfall and lasts until daybreak. The third prayer is performed in the 


Aufsdtze zur arabischen Wissenschaftsgeschichte, Hildesheim, 1970, vol. 2, pp. 757 — 788. 
The origins of the definitions of the prayertimes are discussed in A. J. Wensinck's 
article “ Mikát" in the Encyclopaedia of Islam, first ed., Leiden, 1913 —34. See also 
note 26 below. 
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interval between daybreak and sunrise. The permitted time for the fourth 
prayer begins when the sun has crossed the meridian and ends when 
the interval for the fifth prayer begins, namely, when the shadow of 
an object equals its meridian shadow increased by the length of the 
object. The interval for the fifth prayer may last until the shadow 
increases again by the length of the object or until sunset. 

The earliest known tables for regulating the times of prayer date 
from the tenth century. In the corpus of tables for the latitude of Cairo, 
some of which were computed by Ibn Yūnus, numerous functions such 
as the length of half daylight and night, the hour-angle at the beginning 
of the afternoon prayer, the duration of morning and evening twilight 
and total darkness, are tabulated for each degree of solar longitude 25. 
Fig. 5 shows an extract from these tables. Various later sets of prayer- 
-tables for different latitudes are preserved in the manuscript sources 26. 
The twilight tables are based on the assumption that daybreak and night- 
fall occur when the sun is a certain angle of depression below the horizon, 
and in a few medieval prayer-tables corrections are given for the effect 
of refraction at the horizon? 

In the Muslim world nowadays the muezzin's call to prayer is like- 
wise regulated by tables, computed for each day of the year by modern 
methods and displayed in almanacs, pocket-diaries, and newspapers. 
The Egyptian Government Survey Department wil prepare prayer-tables 
for any locality where these are requested by a Muslim community. 


Tables giving the direction of Mecca 


The Muslim is supposed to perform his five daily prayers facing Mec- 
ca ?. The determination of the qibla or the direction of Mecca for a given 
locality is a non-trivial problem in spherical trigonometry, and the qibla 
is defined in terms of the geographical coordinates of both localities by 
a rather complicated formula. Exact solutions of this problem were devis- 


3s These tables are analyzed in detail in D. A. King, Ibn Yunus’ “Very Useful 
Tables" for Reckoning Time by the Sun, "Archive for History of Exact Sciences", 
10, 1973, pp. 342 —394. See also note 26. 

'* I have prepared a survey of several dozen medieval Islamic tables for regu- 
lating the times of prayer, which is currently being submitted for publication. This 
survey also contains more information on the main Cairo corpus (see note 25). 

3" See, for example, D. A. King, op. cit. (note 25), pp. 373 —376, and my study 
of Islamic prayer-tables (note 26). 

** See further the article “Kibla” by A.J. Wensinck and C. Schoy in the 
Encyclopaedia of Islam, first ed., Leiden, 1913 —34. 
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ed already in the ninth century”, and by the 13th century the extensive 
geographical tables found in zijes often had the qibla indicated for each 
city of consequence”. In the late 14th century however, al-Khalili, who 
was also the author of à very fine corpus of tables for timekeeping com- 
puted for the latitude of Damascus, compiled a set of tables displaying 
the azimuth of Mecca for each degree of terrestrial latitude and longitude. 
This table, which contains almost 3,000 entries computed with remar- 
kable accuracy, is the most sophisticated trigonometric table from the 
entire medieval period. 

Fig. 6 shows an extract from al-Khalili’s qibla table. Several other 
Muslim astronomers compiled qibla tables based on a simple approxi- 
mate formula 3. 


Tables of auxiliary functions for computations 
in spherical astronomy 


In the mid 9th century the Damascus astronomer Habash al-Hasib 
compiled a small set of tables of mathematical functions of such a nature 
that ordered applications of them would lead to the solution of the stan- 
dard problems of spherical astronomy **. A similar set was compiled about 
the year 1000 by Abū Nasr?*. These tables are in fact rather limited in 
their application, and several centuries. were to pass before the Syrian 


** On the methods of Habash (ca. 850) and al-Nayrizi (ca. 900), for example, 
see Y. Id and E. S. Kennedy, A Letter of al-Birüni: Habash al-Hàsib's Analemma for 
the Qibla, “Historia Mathematica", I, 1974, pp. 3— 11, and C. Schoy, Abhandlung von 
al-Fadl b. Hatim al-Nayrizi über die Richtung der Qibla, “Sitzungsberichte der math.- 
-phys. Klasse der Bayerischen Akademie der Wissenschaften zu Miinchen”, 1922, 
pp. 55 —68. On the methods of Ibn Yünus (ca. 990) and Ibn al-Haytham (ca. 1020) 
see C. Schoy, Gnomonik der Araber, in E. von Bassermann-Jordan, ed., Die 
Geschichte der Zeitmessung und der Uhren, Band 1F, Berlin ~ Leipzig, 1923, pp. 36 — 42, 
and Abhandlung des al-Hasan ibn al-Hasan ibn al-Haitam (Alhazen) über die Bestim- 
mung der Richtung der Qibla, "Zeitschrift der Deutschen Morgenlándischen Gesells- 
chaft", 75, 1921, pp. 242 —253, and also D. A. King, op. cit. (note 18), pp. 256 —268 
and note 31 below. 

3 For example, Schoy's article on al-Nayrizi cited in note 29 contains (pp. 
67 — 68) a list by the Damascus astronomer Ibn Zurayq, a successor of Ibn al-Shatir. 
The geographical coordinates in numerous zijes and related works have been data 
processed by F. Haddad and E. S. Kennedy at the American University of Beirut. 

31 A detailed analysis of al-Khalil's table and information on various appro- 
ximate tables is contained in D. A. King, al-Khalilvs Qibla Table, “Journal of Near 
Eastern Studies", 1975. 

33 See R. A. K. Irani, The “Jadwal al-Taqwim" of Habash al-Hasib, Master's 
dissertation, American University of Beirut, 1956, for a detailed discussion of these. 

33 See further C. Jensen, Abu Nasr Mansur's Approach to Spherical Astronomy 
as Developed in His Treatise “The Table of Minutes”, “Centaurus”, 16, 1971, pp. 1 —19. 
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Fig. 6. Extract from al-Khalili’s qibla table, taken from MS Paris Bibliothèque 
Nationale, ar. 2558 (fols. 60v — 61r). This particular section of the table serves lati- 
tudes 51°, 52°, ..., 56°, and displays the qibla as an angle to the meridian expressed 
in degrees and minutes for longitudes 1°, 2°, ..., 60° east or west of Mecca. The un- 
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derlying formula is 


sing cos AL — cosg tang m ! 


= are cot 
| sin AL 


where q is the qibla, y is the local latitude, ga is the latitude of Mecca (taken by al- 
-Khalili as 21;30°), and AL is the difference in longitude from the meridian of Mecca. 
Most of the entries in al-Khalili's table, which number almost 3,000, are accurate or 
in error by +1 or +2 in the second sexagesimal digit. Reproduced with kind per- 
mission of the Director of the Section Orientale de la Bibliothéque Nationale, Paris. 


astronomer al-Khalili compiled his Universal Table containing over 13,000 
entries. al-Khalili tabulated three functions with the aid of which one 
ean solve all of the standard problems of spherical astronomy for any 
latitude, with no computation beyond interpolation?*. This fine set of 
tables marks the zenith of the Islamic achievement in spherical astronomy. 


Tables for marking sundials 


Islamic sundials have been generally neglected by historians of science, 
but the valuable researches of C. Schoy have laid the foundations 
for further study 35. Recently L. Jann published the first description 
of the magnificent sundial of the 14th century Syrian astronomer Ibn 
al-Shatir which adorned the north minaret of the Umayyad Mosque in 
Damascus 3: the complex markings on this superb instrument were prob- 
ably drawn using tables especially compiled for the purpose. 

Numerous Muslim astronomers prepared tables for marking the 
curves on sundials oriented in different planes. One set computed in 
the late 13th century by the Egyptian astronomer al-Maqsi gives 
pairs of orthogonal coordinates of the points on the solistitial shadow 
traces indicating the seasonal hours and the afternoon prayer, for sundials 
oriented in particular planes*’. For several latitudes al-Maqsi tabulates 
these coordinates for horizontal sundials, and, specifically for Cairo, he 
tabulates them for vertical sundials erected at an angle to the meridian, 
giving a table for each degree of inclination. Fig. 7 shows an extract from 


* See further D. A. King, al-Khalili’s Auxiliary Tables for Solving Problems 
of Spherical Astronomy, “Journal for the History of Astronomy”, 4, 1973, pp. 99 — 110. 
I have analyzed several other sets of Islamic auxiliary tables in my survey of Islamic 
tables for timekeeping (see note 21). 

35 See C. Schoy, Gnomonik der Araber (cited in note 29 above) and Sonnenuhren 
der spdtarabischen Astronomie, "Isis", 6, 1924, pp. 332 — 360. 

36 See further L. Janin, Le Cadran Solaire de la Mosquée Umayyade de Damas, 
"Centaurus", 16, 1971, pp. 285 —298. 

? On al-Maqsi see H. Suter, op. cit. (note 8), no. 383. 
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Fig. 7. Extract from the sundial tables of al-Magqsi, taken from MS Chester Beatty 

4092 (fol. 148r). The four subtables mainly display the coordinates of the points on 

the summer and winter solsticial shadow traces corresponding to the seasonal hours 

of daylight and the beginning of the afternoon prayer, for use with vertical sundials 

erected at angles 55°, 56°, 57°, and 58° to the meridian. Reproduced with kind per. 
mission of the Librarian of the Chester Beatty Library, Dublin. 
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these tables. Al-Maqsi then tabulates the coordinates for sundials erected in 
planes whieh are skew to the horizontal and meridian planes. He also deals 
with sundials erected in the plane of the celestial equator, which were 
discussed by several other medieval Muslim astronomers. Later sundial 
tables, such as those of the 15th century astronomers Sibt al-Máridini 
and al-Tizini, working in Cairo and Damaseus respectively, use equatorial 
degrees as argument rather than seasonal day hours?*. The large vertical 
sundials constructed on the walls of Cairo mosques facing the qibla, 
which were especially designed to determine the midday and afternoon 
prayers, were constructed using tables like those of al-Maqsi and Sibt 
al-Màridini °. 


Tables for marking astrolabes and quadrants 


The astrolabe was used by early Muslim astronomers, and later gener- 
ally replaced by numerous varieties of quadrants“. The transmission 
of the theory, construction, and use of the astrolabe to the Muslim world 
is very obscure‘!, and we are likewise in the dark concerning the early 
history of the quadrant. The construction of very pretty astrolabes con- 
tinued long into the period of decline of Islamic astronomy, but these 
were not used for any serious scientific purpose“. 

In view of our ignorance of the transmission of the astrolabe to Islam 
it is of some interest that the early 9th century Baghdad astronomer 
al-Farghani compiled a treatise on its theory and construction as well 
as an extensive set of tables for drawing the circles on astrolabe plates*?. 
These tables give the distance of the center of the almucantar circles 
from the center of the astrolabe, and the radius of the circle, for each 
degree of altitude, and for each degree of terrestrial latitude from 15° to 50*. 


s$ On these astronomers see H. Suter, op. cit. (note 8), nos. 445 and 450. Sibt 
al-Màridini's tables are discussed in C. Schoy, Sonnenuhren ... (see note 35). 

A fine example of such a sundial is preserved in the Museum of Islamic Art,‏ ود 
Cairo (item no. 10630).‏ 

4 On the astrolabe and quadrant in Islamic astronomy see W. Hartner, Oriens- 
-Occidens, Hildesheim, 1968, pp. 287—318, and P. Schmalzl, Zur Geschichte des 
Quadranten bei dem Arabern, Munich, 1929, and also L. A. Mayer, Islamic Astrola- 
bists and Their Works, Geneva, 1956. 

4 Cf. O. Neugebauer, The Early History of the Astrolabe, “Isis”, 40, 1949, 
pp. 240 —256. 

+ For some examples dating from about 1700 onwards see O. Gingerich, D. 
A. King, and G. Saliba, The ‘Abd al-A' imma Astrolabe Forgeries, “Journal for the 
History of Astronomy”, 3, 1972, pp. 188 — 198. 

+ On al-Farghàni see note 4 above. His treatise on the astrolabe and associated 
tables exist in numerous sources and were widely known in the Islamic Middle Ages, 
but have never been studied in modern times. 
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Fig. 8. Extract from al-Fargh 


to each degree of altitude for astrolabe plates intended to serve latitudes 20° and 21°. Reproduced with kind 


permission of the Director of the Orientalische Abteilung der Staatsbibliothek, Berlin. 
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Fig.8 shows an extract from al-Farghani’s tables. They are easily gener- 
ated from a single auxiliary function also tabulated by al-Farghani, 
and in the 14th century the Egyptian al-Bakhàniqi compiled a set for 
latitudes 0° to 90°, for a Yemeni ruler who was probably upset that al- 
-Farghani’s main tables could not be used for latitudes in his domain“. 

Numerous sets of tables for marking quadrants have been located 
in the manuscript sources, and research on these is currently in progress. 


Planetary equation tables 


In planetary astronomy, the Muslim scholars also compiled extensive 
tables separately from those in the 22765, particularly for the planetary 
equations**. A rather interesting set containing over 30,000 entries is 
attributed to Ibn Yünus**: it displays the lunar equation as a double- 
-entry function of the double elongation and the mean anomaly, both 
of which arguments can be taken directly from the mean motion tables. 
The underlying theory is entirely Ptolemaic, but the parameters are those 
of Ibn Yünus. The development of tables of this kind can be traced down 
to those of the Damaseus astronomer al-Sàlihi, who lived about the year 
1500: his tables display all of the planetary equations for arguments 
which can be taken directly from the mean motion tables. The underlying 
parameters are those of Ulugh Beg, and the tables contain over 170,000 
entries, 

The compilation of extensive tables of the kinds described above, 
and the development of sophisticated computational techniques, was 
perhaps the major contribution of the Muslim astronomers to the develop- 
ment of the exact sciences, known to the West only by modern research 
on manuscripts. Our picture of their achievements in this field, as in 
others, is still incomplete, and will remain so until more of the vast quan- 
tities of available sources are studied for the first time. 


M 


* Various works of al-Bakhàniqi are analyzed in my study of medieval Islamic 
prayer-tables (see note 26). 

15 On Islamic planetary equation tables see, for example, E. S. Kennedy, op. 
cit. (note 10), p. 142; E. S. Kennedy and H. Salam, op. cit. (note 12); M. Tichenor, 
Late Medieval Two-Argument Tables for Planetary Longitudes, “Journal of Near Eas- 
tern Studies", 26, 1967, pp. 126 —128; and C. Jensen, The Lunar Theories of Al- 
-Baghdadt, "Archive for History of Exact Sciences”, 8, 1972, pp. 321—328. 

** See further D. A. King, A Double-Argument Table for the Lunar Equation 
Attributed to Ibn Yunus, "Centaurus", 18, 1974, pp. 129— 146. 


‘7 On al-Salihi see H. Suter, op. cit. (note 8), no. 454 and D. A. King, op. cil. 
(note 46), Section 1. 
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Note added in proof 


Since this paper was submitted for publication I have come across four new 
sets of tables each of which appears to have been compiled in early ninth century 
Iraq. These illustrate that some of the various categories of tables discussed in 
this paper can be traced back further than I previously thought. Firstly, an ano- 
nymous set of prayertables for Bagdad. Secondly, al-Khwarizmi's table of an auxi- 
liary function underlying the mathematical theory of the astrolabe. Thirdly, al- 
Khwarizmi’s book on sundials, which consists mainly of tables of coordinates for 
marking horizontal sundials constructed for different latitudes. Fourthly, an anony- 
mous qibla table based on an approximate but non-trivial formula. These tables 
will be discussed in detail in a series of studies currently in preparation. 


IH 


The Astronomy of the Mamluks 


FTER THE SO-CALLED GOLDEN AGE of Islamic science. various re- 

gional schools of astronomy with very distinctive traditions and interests 
developed and flourished in each of the main areas of Islamic civilization. In 
Mamluk Egypt and Syria there was considerable scholarly activity in astronomy; 
indeed, Cairo in the late thirteenth century was one of the major centers of 
astronomy in the Islamic world. and Damascus in the mid-fourteenth century 
was the leading center of astronomy in the Islamic world, and perhaps in the 
world in general. Mamluk astronomers worked in each of the major branches 
of astronomy: theoretical and computational planetary astronomy, spherical as- 
tronomy and timekeeping, instrumentation, and folk astronomy and astrology. 
No overview of the activities of these regional scholars exists in the modern 
literature. The manuscripts and instrumerits that constitute the main sources for 
our knowledge of Mamluk astronomy have been investigated only in the past 
twenty-five years, and, in some cases, only in the past ten years.! Thus the time 


* Department of Near Eastern Languages and Literatures, Hagop Kevorkian Center for Near 
Eastern Studies, New York University. New York. N.Y. 10003. 

This article is based on research conducted at the American Research Center in Egypt and funded 
by the Smithsonian Institution (1972-1979) and the National Science Foundation (1972-1982). My 
thanks are also due to George Saliba for comments and to Alain Brieux, Muammer Dizer, and Owen 
Gingerich for providing photographs. Publication of the photographs was subvented by a grant from 
the Hagop Kevorkian Foundation. 

! For an introduction to the Mamluks see E. Atil, Renaissance of Islam: Art of the Mamluks 
(Washington. D.C.: Smithsonian Institution Press. 1981). The richest collections of Mamluk scien- 
tific manuscripts are in Istanbul (Süleymaniye and Topkapi Libraries), Cairo (Egyptian National 
Library), Damascus (Zahiriya Library). Dublin (Chester Beatty Library), Princeton (Firestone Li- 
brary), Berlin (Deutsche Staatsbibliothek), and Paris (Bibliothéque Nationale). All are catalogued 
except the first: see Fuat Sezgin. Geschichte des arabischen Schrifttums, 7 vols. (Leiden: Brill, 
1967—present), Vol. VI, pp. 311 ff. Basic bibliographical sources include Heinrich Suter, "Die Math- 
ematiker und Astronomen der Araber und ihre Werke," Abhandlungen zur Geschichte der mathe- 
matischen Wissenschaften, 1900. 10, and " Nachtráge und Berechtigungen," ibid., 1902, 14:157-185 
(rpt. Amsterdam: Oriental Press, 1982); C. Brockelmann, Geschichte der arabischen Litteratur, 2nd 
ed., 2 vols. (Leiden: Brill, 1943-1949), and Supplementbánde, 3 vols. (Leiden: Brill, 1937-1942); and 
A. El-Azzawi, History of Astronomy in Iraq . . . (in Arabic) (Baghdad: Iraq Academy Press, 1959) 
(to be used with caution). See also David A. King, A Catalogue of the Scientific Manuscripts in the 
Egyptian National Library, 2 vols. (Cairo: General Egyptian Book Organization, 1981-1984); King, 
A Survev of the Scientific Manuscripts in the Egyptian National Library (Publication of the Amer- 


ican Research Center in Egypt) (Malibu, Calif.: Undena Press, in press), and for astrology, Manfred , 


Ulimann, Die Natur- und Geheimwissenschaften im [slam (Leiden: Brill, 1972). 

The richest collections of Mamluk instruments and Ottoman instruments based on Mamluk design 
are in Athens (Benaki Museum), Cairo (Egyptian National Library and Museum of Islamic Art), 
Dublin (Chester Beatty Library). Istanbul (Kandilli Observatory), and Oxford (Museum of the His- 
tory of Science). Various Ayyubid and Mamluk astronomical instruments are listed in R. T. Gunther, 
The Astrolabes of the World. 2 vols. (Oxford: Univ. Press, 1932: London: Holland Press. 1976); 
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is ripe for a survey of Mamluk contributions in this field, and that is the purpose 
of this paper. 


I. THE FATIMID AND AYYUBID BACKGROUND 


When the Mamluks came to power in Egypt and Syria around 1250, some 250 
years had passed since the time of Ibn Yünus, the greatest astronomer of Egyp- 
tian history. This scholar worked for the Fatimid Caliphs al-^ Aziz and al-Hakim, 
and he is the only astronomer from this period in Egypt to have much enduring 
influence. His major work was a zij, or astronomical handbook with tables, 
called the Hakimi Zij, a compilation of considerable distinction. Most of this zij 
survives and has been studied." It was used in Cairo in the late Fatimid and 
Ayyubid periods; for instance, the astronomers in the twelfth-century al-Afdal- 
al-Bata-ihi Observatory in Cairo used it to compile annual ephemerides, or ta- 
bles displaying day-by-day positions of the sun, moon, and planets, but never 
replaced it with a new zij, even though this had been their expressed intention.? 

In Syria, the distinguished astronomers Habash al-Hàsib and al-Battani 
worked in ninth-century Damascus and tenth-century Raqqa, respectively. How- 
ever, their works were apparently not influential in later Syria, for the astron- 
omers at al-Afdal-al-Batà"ihi asserted that their colleagues in Syria used the 
ninth-century Iraqi Mumtahan Zij to compile their ephemerides. A new Syrian 
zij, compiled around 1170 by Ibn al-Dahhan, is no longer extant.* 

In spherical astronomy no works of consequence are known of in Egypt or 
Syria between the time of Ibn Yünus and the advent of the Mamluks. Ibn Yûnus 
prepared a substantial number of tables for timekeeping by the sun and for reg- 
ulating the astronomically defined times of prayer, all computed for the latitude 
of Cairo. His tables were available to the early Mamluk astronomers in Cairo 
and formed the basis of a corpus of tables for timekeeping used there from the 
thirteenth to the nineteenth centuries.? No such tables are known for Damascus 
or Jerusalem from the pre-Mamluk period. 

The celebrated scholar Ibn al-Haytham, a late contemporary of Ibn Yünus in 
Cairo, was the first Muslim astronomer known to have written extensively on 
the problems of Ptolemy's planetary models. Thereafter al-Juzajàni, a pupil of 


see also L. A. Mayer. Islamic Astrolabists and Their Works (Geneva: Ernst Kundig, 1956), and the 
supplement in R. Ettinghausen, ed., Aus der Welt der islamischen Kunst (Berlin: Mann, 1959), pp. 
293-296; Alain Brieux and F. Maddison, Répertoire des facteurs d'asitrolabes et de leurs oeuvres, 
Vol. I: /slam (forthcoming); and Emilie Savage-Smith, Survey of Islamic Celestial Globes (Wash- 
ington, D.C.: Smithsonian Institution Press, forthcoming). 

? See s.v. "Ibn Yunus" in Dictionary of Scientific Biography (DSB), 15 vols. (New York: Scrib- 
ners, 1970-1981). The standard work on zijes is E. S. Kennedy, "A Survey of Islamic Astronomical 
Tables," Transactions of the American Philosophical Society, N.S., 1956, 46(2):123-177. On tables 
not in zijes see David A. King, "On the Astronomical Tables of the Islamic Middle Ages,” Studia 
Copernicana, 1975, 13:37-56. 

3 See A. Sayili, The Observatory in Islam . . . (Ankara: Türk Tarih Kurumu Basimevi, 1960), pp. 
167-175. 

í See s.vv. "Habash" and ‘‘al-Battani’’ in DSB and The Encyclopaedia of Islam, 2nd ed., 4 vols. 
(Leiden: Brill. 1960-  ). On the zijes see Kennedy, Survey, 51 (Mumtahan) and 89 (Ibn al-Dahhan). 

5 See David A. King. “Ibn Yûnus’ Very Useful Tables for Reckoning Time by the Sun," Archives 

for History of Exact Sciences, 1973, 10:342—394. 

6 See s.v. "Ibn al-Haytham'! in DSB. 
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Ibn Sina, also considered these problems, but not until the mid-thirteenth and 
fourteenth centuries did Muslim astronomers really come to grips with them. 

Mention should also be made here of the astronomical activity, albeit on a 
much lower level, of the early thirteenth-century Coptic scholar al-AsCad Ibn 
al-CAssal. A manuscript of a treatise on calendar conversion and computing 
solar and lunar positions attributed to him exists in the Egyptian National Li- 
brary. The text is written in Arabic, and the tables are written in Coptic nu- 
merals; neither has been investigated yet.’ 

In the field of instrumentation some unidentified Egyptian astronomers in the 
eleventh or twelfth century invented the almucantar quadrant, a simplified ver- 
sion of the astrolabe serving a specific latitude. This was an invention of some 
consequence, for the astrolabe, fitted with a series of plates for different lati- 
tudes, was neither a practical device nor an accurate observational instrument. 
Also, being made of brass. it was expensive. The almucantar quadrant, on the 
other hand, could be made of wood and was an extremely practical device with 
which one could solve all the problems solvable with an astrolabe, for a partic- 
ular latitude. The back of such a quandrant could carry a trigonometric grid 
called a sine quadrant for solving all manner of computational problems. The 
Mamluk astronomers later developed the quadrant to all conceivable limits; it 
virtually replaced the astrolabe in Syria and Egypt in Mamluk and Ottoman 
times. Another development of far-reaching consequence was the introduction 
to Syria in the twelfth century of the universal lamina (plate) of the eleventh- 
century Andalusian astronomer al-Zargàllu. This plate constituted a universal 
device representing a stereographic projection for the terrestrial equator and 
could be used to solve all the problems of spherical astronomy for any latitude. 
It was derived from the universal astrolabe devised by al-Zarqàllu's contem- 
porary, CAH ibn Khalaf al-Shakkàz, which consisted essentially of two such 
plates that could be made to rotate over each other to correspond to any two 
sets of terrestrial or celestial coordinate systems. Al-Zarqallu's plate was known 
in both Damascus and Cairo by the late thirteenth century, but al-Shakkaz’s 
universal astrolabe was not.? 

The history of astronomy in both Egypt and Syria for the two centuries before 
the Mamluks came to power thus remains somewhat obscure. Damascus at least 
seems to have been an active center of astronomy at that time. The thirteenth- 
century biographical dictionaries of Ibn al-Qifti and Ibn Abi Usaybia list sev- 
eral recent and contemporary scholars concerned with the sciences, mainly in 
Damascus, although they were involved more in teaching than in writing trea- 
tises. The revival of astronomy in Cairo in the early Mamluk period around 
1250-1260 occurred within a few years of the deaths of a group of prominent 
individuals known to have been very active in astronomy in either Syria or 
Egypt: Athir al-Din al-Abhari, SAlam al-Din Qaysar, Ibn al-Lubüdi, and Baylak 
al-Qipjaqi. Their works either have not survived or have not yet been properly 
studied. At least the first three had an academic connection with Iraq. Athir 


7 See King, Survey, C10. 

8 See the now outdated P. Schmalzl, Zur Geschichte des Quadranten bei den Arabern (Munich: 
Salesianische Offizin, 1929). 

9 See David A. King, "On the Early History of the Universal Astrolabe . . . 
History of Arabic Science, 1979, 3:244-257. 
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al-Din wrote a compendium of astronomy in Iraq that was popular in Mamluk 
Egypt: he also compiled the Athiri Zij in Mardin about 1250, although it appears 
to have had no influence in Syria thereafter. Further research is necessary 
to establish the influence of these individuals in later Mamluk astronomy 
and Islamic astronomy in general. The mid-thirteenth century astronomers 
Mu^ayyad al-Din al-SUrdi (1) and Muhiy al-Din al-Maghribi (2), who were later 
with the observatory at Maragha in Iran, were also active at this time; their work 
is discussed in the appropriate sections below. 


11. WHO WERE THE MAMLUK ASTRONOMERS? 


Of the Mamluk astronomers whose names have been preserved and for whom 
we have biographical information, most were associated with religious institu- 
tions.!! One office associated with the Mamluks is that of muwaqqit (less fre- 
quently, miqati). The appellation is not attested before the time of the Mamluks, 
and the early development of the institution is obscure. The muwaqqits were 
astronomers associated with the major mosques and madrasas whose particular 
concern was astronomical timekeeping and the regulation of the times of 
prayer.!? The office demanded more scientific knowledge than that of muezzin, 
although there are indications that in the early centuries of Islam it was the 
muezzins who regulated the times of prayers even in major mosques, using the 
techniques of folk astronomy such as observing shadow lengths by day and the 
risings of the lunar mansions by night. Ibn al-Ukhuwwa, in his manual of trades 
written about 1300, observed that muezzins were chosen for their piety and their 
voices rather than their competence in astronomy, but it is curious that he does 
not mention muwaqqits at all. References are preserved in the astronomical 
manuscript sources to a family of muwaqqits who worked at the Mosque of 
CAmr in Fustat in the thirteenth century, and thereafter only individual mu- 
waqqits associated with specific mosques in Cairo are known from the fifteenth 
century onwards. For example, al-Kawm al-Rishi (41) and al-Wafà^i (55) 
worked as muwaqqits at the Mu-ayyad Mosque in the early and mid-fifteenth 
century, and Sibt al-Maridini (63) at the Azhar Mosque in the latter part of the 
same century. We know of a series of astronomers who served as muwaqqits 
in the Azhar Mosque until the nineteenth century, but the leading astronomers 
in Cairo in Ottoman times were not always associated with the Azhar Mosque. 

In the sixteenth century al-Minüfi, a muwagqgqit at the Ghawri madrasa, and in 
the seventeenth century “Abd al-Rahman al-Ishkiri, a muwaqqit at the Mosque 
of Ibn Tüluñ, were among the leading astronomers in Cairo. 

The major school of astronomers in Damascus in the fourteenth century were 
muwagqgqits associated with the Umayyad Mosque, and various other astrono- 
mers served there in the same capacity until the nineteenth century. The most 


10 On Athir al-Din al-Abhari, Alam al-Din Qaysar, and Ibn al-Lubüdi see in Suter, ‘‘Mathema- 
tiker und Astronomen, "` nos. 364, 358, 365; on Baylak al-Qipjaqi see in DSB. See also Kennedy. 
Survey, 40 (Athiri Zij). 

!! The appendix lists and numbers ail Mamluk astronomers of any consequence known to me, 
with references to the standard modern bio-bibliographical sources. The number is given periodically 
in boldface after each astronomer's name in the text. 

12 See David A. King, "On the Role of the Muwaqqit in Medieval Islamic Society," in Proceed- 
ings of the Second International Symposium on the History of Arabic Science (Aleppo, 1979) (forth- 
coming). 
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celebrated of the fourteenth-century muwaqqits were Ibn al-Shàtir (18), al- 
Khalili (19), and al-Mizzi (17). Unfortunately, we have very little information 
on the organization of this school. Damascus muwaqqits who did serious work 
in the fifteenth century were al-Halabi (45), al-Tizini (69), and al-Salihi (70). 

Not all of the major astronomers of Mamluk Egypt and Syria were muwaqqits. 
The Syrian astronomer al-Hamzawi (67) was instead the amir al-hajj in Aleppo, 
responsible for the annual pilgrimage caravans to Mecca; he wrote an astro- 
logical history of the Mamluk campaigns against the Ottomans around Adana. 
For many important figures, moreover, even those working in timekeeping and 
spherical astronomy (to some extent the domain of the muwaqqits), we have no 
information about affiliation. The most influential of the early Mamluk astron- 
omers, al-Marrakushi (5), an individual of Morrocan origin who worked in Cairo 
about 1280, is referred to in the manuscripts of his work simply as al-shaykh al- 
imám. The medieval biographical sources, as far as I am aware, do not mention 
him at all, nor his contemporaries al-Maqsi (6) and Najm al-Din al-Misri (7). Of 
the major astronomers specializing in spherical astronomy, Ibn al-Sarraj (15) 
(fourteenth-century Aleppo) and Ibn al-Majdi (44) and Ibn Abi'l-Fath al-Süfi (64) 
(fifteenth-century Cairo) are not known to have been muwagqgqits or to have been 
associated with any particular religious institution. 

Finally, we do hear of astronomers sponsored or financed by the Mamluk 
sultans, but the only name recorded for us is that of the astrologer Ibrahim al- 
Hasib (27), who worked for the Sultan al-Nàsir Ahmad in the mid-fourteenth 
century. The Egyptian historian Ibn Abi‘l-Fada>il records that when the Sultan 
al-Nàsir Muhammad ibn Qala>iin became ill with diarrhea, astrologers and geo- 
mancers were consulted as well as his doctors. In contrast, princes at courts 
outside the Mamluk domains patronized and even practiced astronomy. Abu'l- 
Fidà? (8), Ayyubid prince of Hama shortly before it fell to the Mamluks about 
1300, is known to have himself compiled a zij, now lost. Activity at his court, 
however, was without influence on Mamluk astronomy. One of his astronomers 
(10) compiled a commentary on the Tadhkira of al-Tüsi that Ibn al-Shatir does 
not even mention; others (9 and 11) compiled treatises on instruments of no 
great originality or import. Similarly, the Rasulid Sultans of the Yemen, which 
had close links with the Mamluk domains of Egypt, Syria, and the Hijaz, pa- 
tronized serious astronomical activity and several pursued astronomy them- 
selves.!^ One Egyptian astronomer, al-Bakhàniqi (16), spent some time in the 
Yemen, working for the Sultan al-Mujahid around 1325. 


HI. MAMLUK ACTIVITY IN COMPUTATIONAL ASTRONOMY 


The most popular zij in Mamluk Egypt until the fifteenth century was the al-Zij 
al-Mustalah, compiled in the mid-thirteenth century by some Egyptian astron- 
omers (3) as yet unidentified. The early fourteenth-century scholar Ibn al-Akfani 
tells us that it was the zij in use in Egypt in his day, and it was still in use there 
in the fifteenth century. Both extant manuscripts attribute the zi to Ibn 


See Manfred Ullmann, Islamic Medicine (Islamic Surveys, 2) (Edinburgh: Edinburgh Univ.‏ ذا 
Press, 1978), p. 112.‏ 

4 See David A. King, Mathematical Astronomy in Medieval Yemen (Publications of the American 
Research Center in Egypt) (Malibu, Calif.: Undena Press, 1983). 

See Eilhard Wiedemann, Aufsdtze zur arabischen Wissenschaftsgeschichte, 2 vols. (Hildesheim/‏ ذا 
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Yünus. It is a highly eclectic work, based on the various zijes of Ibn Yünus, an 
early zij by one of the thirteenth-century Maragha astronomers, and some ninth- 
and tenth-century Iraqi sources; as such it is, of course, of considerable histor- 
ical interest. 

In Syria also several zijes were compiled about the mid-thirteenth century. 
The Athiri Zij (Mardin, ca. 1250) was mentioned above, and al-CUrdi may also 
have prepared a zij around 1250. The zij of al-Maghribi (2), compiled in Da- 
mascus about this time, survives in a unique manuscript yet to be studied prop- 
erly. The only Syrian zij to gain popularity equivalent to that of the Mustalah 
zij in Egypt, however, was Ibn al-Shatir’s al-Zij al-Jadid, compiled in Damascus 
in the mid-fourteenth century. It contains solar, lunar, and planetary tables 
based on his new models (see Section IV) and was popular in Syria for several 
centuries, both in its original form and in several different recensions by later 
astronomers. That popularity was due not to the new models but rather to its 
status as the only zij produced by the school of the Umayyad Mosque. It none- 
theless had to compete with various Syrian recensions of other zijes: one of the 
thirteenth-century Maragha production, the //kháni Zij, compiled around 1425 
by Shihàb al-Din al-Halabi (45); and one of the fifteenth-century Zij of Ulugh 
Beg of Samarqand, compiled around 1500 by al-Salihi (70).'¢ 

The Zij of Ibn al-Shatir was also influential in Egypt: the muwaqqit al-Kawm 

al-Rishi made a recension for Cairo, entitled al-LumSa, around 1400. By this 
time the Mustalah Zi was considered outdated, but the LumSa soon had to 
compete with an Egyptian recension of the Zij of Ulugh Beg, compiled in the 
late fifteenth century by the Cairo astronomer Ibn Abi'l-Fath al-Süft (64). The 
Luma of al-Rishi and the Zij of al-Süfi were used in Cairo for several centuries. 
An anonymous recension of Ibn al-Shatir’s Zij was prepared for Algiers some 
time during the Ottoman period; otherwise, its use seems to have been restricted 
to Syria and Egypt. 

Complementing the various zijes and their recensions, certain Mamluk astron- 
omers compiled extensive planetary equation tables to facilitate the determi- 
nation of planetary positions for annual ephemerides. Solar, lunar, and planetary 
equations are the corrections applied to the mean positions of the planets (which 
are linearly related to time) to yield the actual positions. The equations for the 
moon and planets were generally computed from a series of auxiliary tables 

(adopted from Ptolemaic astronomy) using two arguments taken from the mean- 

motion tables. It would obviously be advantageous to have equation tables into 

which one could simply feed the two appropriate arguments, but such tables 
would inevitably be rather large. Two Mamluk manuscripts exist of the double- 
argument lunar equation tables attributed to Ibn Yünus. By the late fifteenth 
century al-Salihi (70) in Damascus had compiled extensive double-argument ta- 
bles for the planetary equations in his adaptation of the Zij of Ulugh Beg. Such 
tables, called habtaq and mahlülát (‘‘solved’’) in Ottoman times, were widely 
used in Egypt, Syria, Turkey, Iran, and India from the sixteenth century on- 


New York: Olms. 1970). Vol. I, pp. 265-266. For the Mustalah Zij see Kennedy, Survey, 47; King, 
Survey, C12. 

Ip See Kennedy. Survey, 41 (al-Maghribi), 42 (al-CUrdi). 11 (Ibn al-Shatir), 6 (IIkhani Zij), and 2 
(Ulugh Beg). 
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wards." (The origin of the curious term habtaq may lie in the terms 2bqty and 
2biqy used in soiar and lunar tables of the early thirteenth-century Coptic 
scholar al-AsCad Ibn al-SAssal. 

Another interesting development in the computation of ephemerides took 
place in Mamluk Cairo. The problem of preparing annual ephemerides was fa- 
cilitated by compiling a universal auxiliary table for each planet based on its 
periodicity, which reduced the computation essentially to determining where to 
plug into the auxiliary table. There is evidence that the underlying principle 
goes back at least to twelfth-century Iran, but Ibn al-Majdi (44) revived the idea 
in Cairo in the early fifteenth century. His tables were used in Cairo for several 
centuries both in their original form and in various later adaptations. No Mamluk 
ephemerides survive, but various Ottoman examples for Cairo that do survive 
were clearly computed using Ibn al-Majdi's auxiliary tables. 

Two complete fourteenth-century Yemeni ephemerides have recently been 
discovered in Cairo, and the Mamluk ephemerides were probably similar. For 
each day of a specific Hijra year the dates in other calendars are given, and the 
ecliptic longitudes of the sun, moon. and five naked-eye planets, computed by 
means of a zij (in this case, Ibn Yünus's Hakimi Zij, adapted for the longitude 
of the Yemen), are tabulated side by side. The Yemeni ephemerides display the 
astrological prognostications that can be made from the relative positions of the 
celestial bodies on each day of the year. Some twelfth-century fragments of al- 
manacs from the Cairo Geniza display only this astrological information. '? I sus- 
pect that the later Mamluk ephemerides might not have included any astrological 
information. A treatise on ephemerides compilation by the Cairo muwaqqit al- 
Kawm al-Rishi (41) deals mainly with the strictly astronomical information re- 
corded in ephemerides. 


IV. MAMLUK ACTIVITY IN THEORETICAL ASTRONOMY 


When al-SUrdi (1) left Damascus for the Maragha observatory, he worked there 
on the problems of Ptolemy's planetary models with other, better-known as- 
tronomers involved in the same problems, most notably, Nasir al-Din al-Tüsi. 
Their later contemporary Qutb al-Din al-Shiràzi also wrote on planetary models 
and worked in Maragha. He later traveled extensively in the service of the Il- 
khánids, on one occasion going to Cairo as their ambassador; if any Egyptian 
astronomers pursued the planetary problem, however, we do not know of them. 
The Maragha astronomers had not felt obliged to draw up new planetary (equa- 
tion) tables based on their new models, and their models had but little influence 
on the Samarqand school of Ulugh Beg in the fifteenth century.?? 


' On habtaq see David A. King, "A Double-Argument Table for the Lunar Equation Attributed 
to Ibn Yünus," Centaurus, 1974, 18:129-146; and George Saliba, "Computational Techniques in a 
Set of Late Medieval Astronomical Tables," J. Hist. Arabic Sci., 1977, 1:24-32. 

!5 See E. S. Kennedy and D. A. King. "Ibn al-Majdi's Tables for Calculating Ephemerides," J. 
Hist. Arabic Sci.. 1980. 4:4868. 

9 See King. Yemen, Pt. II, Sects. 11, 20 on the ephemerides: and Bernard R. Goldstein and David 
Pingree, ''Astrological Almanacs from the Cairo Geniza," Journal of Near Eastern Studies, 1979, 
38:153-175 (Pt. 1); 231-255 (Pt. ID. 

9! On the Syrian work see George Saliba, "The First Non-Ptolemaic Astronomy at the Maragha 
School.” /sis, 1979, 70:571—576; Saliba, "A Damascene Astronomer Proposes a Non-Ptoiemaic As- 
tronomy" (in Arabic), J. Hist. Arabic Sci., 1980. 4:3-17; and Saliba, "Islamic Reaction to Greek 
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model for the moon, which 
represents the lunar motion 
in longitude as well as the 
varying distance of the moon 
from the earth. Copernicus 
later used the same model. 
Reproduced from Oxtord 
Bodleian Marsh 139, folio 
16v, with permission of the 
Bodleian Library. 


It was a Mamluk astronomer, Ibn al-Shátir of Damascus (18), who played the 
most significant role in the development of theoretical models to account for the 
motions of the sun, moon, and planets and overcome the problems associated 
with the planetary models of Ptolemy. Ibn al-Shàátir's first major work was a 
strictly Ptolemaic zij for Damascus, which has unfortunately not survived. 
Thereafter he compiled a treatise entitled Nihdyat al-su?l fi tashih al-usül in 
which he presented the reasoning behind his new planetary models. His second 
zij, appropriately entitled al-Zij al-jadid, the "new" Zij, incorporates these 
models; Ibn al-Shatir thus has the distinction of being the first to compile plan- 
etary tables consistent with models he had devised. Building on the earlier 
writings of such individuals as al-CUrdi, al-Shirazi, and al-Tüsi, Ibn al-Shatir 
devised a new lunar model, which represented with a substantial measure of 
success both the longitude of the moon and its distance from the earth (see 
Fig. 1), and a series of planetary models with secondary epicycles replacing the 
Ptolemaic equant. This notwithstanding, his models are not known to have had 
any influence in Islamic astronomy after his time.*! 


EELER 


Astronomy." Proceedings of the Boston Colloquium for the Philosophy of Science, 1978 (forth- 
coming). On al-Tüsi see F. J. Ragep. "Cosmography in the "Tadhkira' of Nasir al-din al-Tusi 
(Ph.D. diss., Harvard University, 1982). 7 

1 On Ibn al-Shatir`s RE modek see E. S. Kennedy and I. Ghanem. eds.. The Life and Work 
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When E. S. Kennedy first investigated Ibn al-Shatir's models some twenty- 
five years ago, he observed that they were mathematically equivalent to those 
Copernicus elaborated some 150 years after the time of Ibn al-Shatir. This dis- 
covery aroused considerable interest in Islamic planetary theory. A direct influ- 
ence of Ibn al-Shatir’s models on Copernicus has yet to be established, but it 
remains a distinct possibility. George Saliba has established that there was fairly 


continuous activity relating to non-Ptolemaic astronomical models in the Muslim 


world from the eleventh to the eighteenth century, and his current research 
promises to fill in many of the gaps in our present knowledge of these devel- 
opments. 

With the exception of the treatise of Ibn al-Shatir, all Mamluk treatises on 
theoretical astronomy or earlier treatises popular in Mamluk times were strictly 
Ptolemaic. A commentary was available on the treatise on astronomy of the 
Andalusian Jabir ibn Aflah, and in Mamluk Cairo al-Juzajani (14) compiled a 
commentary on the treatise by the twelfth-century Transoxanian astronomer al- 
Kharaqt. Taj al-Din al-Tabrizi (24), a teacher at the Turuntày madrasa in Cairo, 
wrote a short treatise dealing with arithmetic, geometry, astronomy, and as- 
trology, extant in a unique manuscript in Cairo, but this does not appear to have 
been widely used. Neither does the commentary on Nasir al-Din's Tadhkira by 
CUmar al-Farisi (10), compiled for the prince Abu'l-Fidà?, although it discusses 
in detail certain aspects of non-Ptolemaic astronomy. 


V(A). SPHERICAL ASTRONOMY 


Al-Marrakushi and His Contemporaries. The major branch of astronomy prac- 
ticed by the Mamluks was Silm al-miqát, the study of the apparent daily rotation 
of the sun and stars and its applications to timekeeping and the regulation of 
the times of prayer. The various tables and instruments devised by the Mamluk 
astronomers reflect their interest in solutions to problems of spherical astronomy 
for all latitudes; indeed, these universal solutions constitute their most signifi- 
cant contribution to the subject.2 To some extent spherical astronomy was the 
domain of the muwaggits, although the first Mamluk scholar of Silm al-miqat, 
Abū AIî al-Marrakushi (5), was, as far as we know, not a muwaqqit. Since his 
name indicates that his family hailed from Marrakesh, al-Marrakushi is generally 
thought to have worked in the Maghreb; in fact he worked in Cairo, and his 
work appears to have been unknown in the Maghreb. His major work, Kitab 
al-Mabádi? wa-'l-gháyát fi “ilm al-miqát, or A Compendium (“A to Z’’) of As- 
tronomical Timekeeping, is extant in several manuscripts of Egyptian, Syrian, 
and Turkish provenance. The work is highly eclectic, but presents a complete 
survey of spherical astronomy and astronomical instruments. It had no coun- 
terpart in early or later Islamic astronomy and was very influential in later Syria 
as well as Egypt and Turkey. The first half, on spherical astronomy and sundial 
theory, was translated without commentary by J. J. Sédillot in 1834—1835, and 


of Ibn al-Shátir: An Arab Astronomer of the Fourteenth Century (Aleppo: Institute for the History 
of Arabic Science, 1976), esp. E. S. Kennedy and Victor Roberts, “The Planetary Theory of Ibn 
al-Shátir," pp. 60-68 (= Isis, 1959, 50:227-235). 

22: See David A. King, "Universal Solutions to Problems of Spherical Astronomy from Mamluk 
Egypt and Syria." and King, "Universal Solutions in Islamic Astronomy“ (both forthcoming). 
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the second, on instruments, was summarized in a rather haphazard fashion by 
his son L. A. Sédillot in 1844.23 The treatise has attracted remarkably little at- 
tention from historians since then; it merits publication and analysis. 

Al-Marrakushi does not rely at all on his illustrious Egyptian predecessor Ibn 
Yünus: rather, he mentions various earlier Andalusian and Maghribi astrono- 
mers, and he seems to be using Iraqi sources, especially in his discussion of 
instruments. A curious omission from his discussion of several different varieties 
of quadrants is the almucantar quadrant, which other evidence suggests was 
already known in Cairo in his time. An unusual instrument made by al-Mar- 
rakushi is preserved in the Museum of the History of Science in Oxford.” AL 
though shaped like an astrolabe, it is simply a plate with trigonometric grids and 
simple calendrical-solar longitude tables on one side and a series of circles 
representing altitude circles on the other. The movable parts of the instrument 
are missing. 

Although al-Marrakushi does not mention any earlier or contemporary Egyp- 
tian astronomers, at least two other contemporary astronomers of consequence 
were working in Cairo: Shihàb al-Din al-Maqsi (6) and Najm al-Din al-Misri (7). 
Both scholars specialized in spherical astronomy, but neither mentions al-Mar- 
rakushi in their writings. Najm al-Din does mention al-Maqsi, but only in 
passing. Unfortunately, no biographical details are available for any of the three. 
Najm al-Din al-Misri compiled a table for timekeeping that could be used not 
only for all latitudes but also for timekeeping by the sun by day and by the stars 
at night. Earlier astronomers in other parts of the world had compiled less ex- 
tensive tables for timekeeping computed specifically for other localities such as 
Baghdad, Shiraz, and Maragha, and the main Mamluk tables described below 
were computed specifically for Cairo or Damascus or Jerusalem. Najm al-Din's 
remarkable table contains over a quarter of a million entries, and is extant in a 
unique manuscript (see Fig. 2).? 

Al-Maqsi compiled two major works, a treatise on sundial theory and a set 
of tables for timekeeping that (unlike Najm al-Din's universal table) formed part 
of the Cairo corpus of tables. 


The Main Cairo Corpus of Tables for Timekeeping. In the thirteenth and four- 
teenth centuries, Egyptian astronomers drew up a corpus of tables for time- 
keeping by the sun and for regulating the times of prayer, computed specifically 
for the latitude of Cairo. This corpus was widely used by Cairo muwagqgqits until 
the nineteenth century, both in its original form and in various modified ver- 
sions. The corpus exists in numerous manuscript copies, of which the first was 
rediscovered only about ten years ago. Most of the manuscripts attribute the 
corpus to Ibn Yünus, and the problems of the attribution of these tables are still 
not completely solved.*® 


3 J. J. Sédillot, Traité des instruments astronomiques des Arabes composé au treizième siècle par 
Aboul Hhassan [sic] de Maroc intitulé Jami“ al-mabádi? wa-l-ghávát, 2 vols. (Paris: Imprimerie 
Royale. 1834-1835); and L. A. Sédillot, *" Mémoire sur les instruments astronomiques des Arabes." 
Mémoires de l'Academie Royale des Inscriptions et Belles-Lettres de l'Institut de France, 1844, 
[:1-229. 

`t See Mayer. Astrolabists, p. 46. s.v. Hasan ibn ^ Ali. 

`S For more information, see King. Tables. pp. 44—45. 

^ See King. "Ibn Yunus’ Very Useful Tables" (cit. n. 4). 
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Figure 2. An extract from the universal table for timekeeping compiled by Najm al-Din al 
Misri. The table displays the time since rising of the sun or any star in terms ot its Ee d 
altitude. One first feeds in the meridian altitude of the sun or star as the horizontal ar bun 
(the two pages shown here are part of the tables for argument 70°). Then one feeds ike 
observed altitude as the secondary horizonal argument, and the half arc of visibility of the 
sun or star as the vertical argument. The entry in the table is the time since rising of the sun 
or star, expressed in equatorial degrees and minutes (1° = 4 minutes of time). The table can 
be used for the sun at any time of the year or for any non-circumpolar star and for any 
latitude, because the first and second arguments are dependent on the latitude and 


declination. Reproduced from Oxford Bodleian Marsh 672, folios 33v—34r, wi issi 
the Bodleian Library. i s gee 


The corpus contains the set of tables compiled by al-Maqsi, which was com- 
puted for the latitude of Cairo and displayed the time of day as a function of 
solar altitude and solar longitude (corresponding roughly to each day of the solar 
year). These tables. containing some 10,000 entries. were similar in conception 
to the set displaying the solar azimuth for the same arguments that Ibn Yünus 
had prepared almost three centuries previously. A later Mamluk astronomer 
named Ibn al-Kattàni (20) used al-Maqsi's tables to derive a set displaying the 
hour-angle (time measured from midday) for the same arguments. Ibn al-Rashidi 
(26) contributed other tables, and al-Bakhaniqi (16) put together the corpus of 
tables of the three functions time since sunrise, hour-angle, and azimuth (see 
Fig. 3), as well as tables for the prayer times, containing a grand total of over 
30,000 entries. 

Whatever the problems of attribution, all these tables were available in one 
form or another in the fourteenth century, if not before, as were others relating 
to the astronomically defined times of Muslim prayer. The latter displayed, for 
example, the time after midday at the beginning of the afternoon prayer (defined 
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Figure 3. An extract from the tables of the three functions of time since sunrise, hour-angle, 
and solar azimuth for the latitude of Cairo in the edition of the main Cairo corpus ot tables 
for timekeeping prepared by al-Bakhàniqi. These two pages serve solar altitude 15°, and 
entries are given for each degree of solar longitude, of which 180 suffice because the 
functions are symmetrical about the solstices. Reproduced from Cairo Dàr al-Kutub miqat 
690, folios 15v— 16r, with permission of the Egyptian National Library. 


in terms of shadow lengths) and the duration of morning and evening twilight 
for determining the times of the daybreak and nightfall prayers. In late Mamluk 
copies of these tables other subtables appear, displaying, for example, the times 
when lamps on minarets should be extinguished after the nights of Ramadan, 
and when the muezzins should call out a benediction (salām) upon the Prophet, 
both shortly before daybreak. 


The Damascus School. The Cairo tables for timekeeping served as a model for 
astronomers from Syria. It was to Egypt that Ibn al-Shatir (18) and al-Mizzi (17) 
came as young men to study astronomy, and other Syrian astronomers also ex- 
press their indebtedness to Egyptian sources. We know that al-Mizzi studied in 
Cairo under Ibn al-Akfàni, although of this scholar's writings on topics other 
than medicine, we have only his lists of the books available in the different 
sciences." 

The major figure in the field of timekeeping at Damascus was a contemporary 
of Ibn al-Shàtir named al-Khalili (19). As far as we know, no corpus of tables 


? Wiedemann. Aufsätze (cit. n. 13). Vol. 1, pp. 258-266. 
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for timekeeping was compiled for the latitude of Damascus before the mid-four- 
teenth century. Al-Mizzi, no doubt inspired by the tables for Cairo that he had 
seen in Egypt, compiled a set of hour-angle tables and prayer-tables for Da- 
mascus, using a traditional set of parameters. Al-Khalili shortly thereafter re- 
computed the entire set for the new parameters derived from the observations 
of Ibn al-Shatir. Al-Khalili’s tables for timekeeping were used in Damascus until 
the nineteenth century and exist in numerous manuscript copies. 

Al-Khalili also turned his attention to universal solutions and compiled a set 
of auxiliary tables for solving problems of spherical astronomy for all latitudes, 
based on three trigonometric functions. These auxiliary tables contain over 
13,000 entries, and successive applications of the various functions tabulated 
lead to the solution of any problem in spherical astronomy for any latitude. Ear- 
lier Muslim astronomers, from the ninth century onwards, had compiled isolated 
simpler and less sophisticated sets of tables of auxiliary functions, but al-Khalili 
arrived at the final solution. His auxiliary tables were used by later Syrian, 
Egyptian, and Turkish astronomers.” 

Al-Khalili’s greatest computational achievement, however, was in the com- 
pilation of a table displaying the gibla, or local direction of Mecca, for each 
degree of latitude and longitude, based on an accurate mathematical formula.?? 
Earlier astronomers from the ninth century onwards who had compiled gibla 
tables had contented themselves with much simpler approximate formulae. 
Again al-Khalili arrived at a final solution to one of the most important problems 
confronting the Muslim astronomers. His gibla table is known from only three 
manuscripts, each of Syrian provenance, and only one reference to it is known 
from the later astronomical literature. 


Other Timekeeping Tables. Both the Cairo and the Damascus tables provided 
models for tables compiled for other localities. In the mid-fourteenth century 
the Egyptian astronomer Ibn al-Rashidi (26) compiled two sets of timekeeping 
tables, one for Jerusalem and one for Mecca, after the model of the Cairo 
corpus. No earlier sets are known for either locality. The tables for Jerusalem 
comprised a set displaying the hour angle as a function of solar altitude and 
longitude as well as the times of prayer as functions of solar longitude. The 
tables for Mecca comprised only tables for regulating the times of prayer. Ibn 
al-Rashidi's timekeeping tables for Jerusalem were later modified and expanded 
by a Jerusalem muwaqqit named al-Karaki (29), a student of al-Mizzi.?! 
Syrian astronomers prepared prayer tables for the latitudes of Tripoli and 
Aleppo after the model of the Damascus corpus, and the achievements of the 
Syrian astronomers in astronomical timekeeping inspired further activity in 
Cairo. In the fourteenth century a corpus of tables for timekeeping for the lat- 
itude of Tunis was prepared along the lines of the Damascus tables, and Syrian 


*5 On the Damascus corpus of tables for timekeeping see David A. King, "Astronomical Time- 
keeping in Fourteenth-Century Syria," in Proceedings of the First International Symposium on the 
History of Arabic Science (Aleppo, 1976). 2 vols. (Aleppo: Institute for the History of Arabic Sci- 
ence, 1978), Vol. Il. pp. 75-84. 

? See David A. King, "Al-Khalils Auxiliary Tables for Solving Problems of Spherical As- 
tronomy.” Journal for the History of Astronomy, 1973, 4:99-110. 

9 See David A. King. "Al-Khalil's Qibla Table." J. Near East. Stud., 1975, 35:81-122. 

3! For the Jerusalem tables. see King. "Astronomical Timekeeping” (cit. n. 28). 
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astronomers, perhaps those associated with the Umayyad Mosque in the four- 
teenth century, seem to have prepared the first set of prayer tables for Istanbul. 
All of the impressive achievements of Ottoman astronomers in timekeeping owe 
their inspiration to the earlier Egyptian and Syrian traditions. 


V(B). INSTRUMENTATION 


The Achievements of Ibn al-Sarrdj. As necessary to accurate timekeeping as 
tables were the many instruments used by Muslim astronomers. What al-Khalili 
achieved with tables at Damascus had been successfully attempted with instru- 
ments slightly earlier by an individual named Ibn al-Sarràj (15), who worked in 
Aleppo around 1325. The work of al-Marrakushi, the only earlier Mamluk as- 
tronomer to devote much time to instruments, had been highly eclectic, but that 
of Ibn al-Sarràj is innovative to the extreme. Ibn al-Sarraj, on whom we have 
as yet no biographical information of consequence, turned his attention to de- 
vising a series of astrolabes, quadrants, and other instruments that could be used 
to solve all of the problems of spherical astronomy for any latitude.?? 

Ibn al-Sarráj actually devised two kinds of universal astrolabe. The first is 
simply a reinvention of the universal astrolabe usually associated with the elev- 
enth-century Andalusian astronomer “Alí ibn Khalaf al-Shakkaz. This instru- 
ment, which consisted of two shakkdziya grids (stereographic projections of the 
altitude and azimuth circles at the terrestrial equator), was apparently not known 
in the Islamic east. A treatise Ibn al-Sarràj wrote on its use has come down to 
us; elsewhere he relates that he invented it while in Mecca in 1325. An example 
of the second, more sophisticated variety, made by Ibn al-Sarraj himself, sur- 
vives in the Benaki Museum in Athens. A treatise on its use has also survived, 
written by the fifteenth-century Cairo muwaqqit al-Wafa-i (55), who owned the 
very instrument now in Athens (see Fig. 4). Al-Wafa?i complains that Ibn al- 
Sarraj had not written a treatise on the use of this astrolabe, so he takes this 
task upon himself. I consider Ibn al-Sarraj’s astrolabe, which is universal from 
five different aspects, to be the most sophisticated astrolabe from the Near East 
and Europe in the entire medieval and Renaissance period. 

Ibn al-Sarraj also developed several varieties of markings for the almucantar 
quadrant and devised various highly ingenious trigonometric grids as alternatives 
to the simple sine quadrant (see Fig. 5). While working on Ibn al-Sarràj's in- 
struments over the years, I have suspected that he wrote more than has survived 
in manuscript form. In the summer of 1982, I discovered in Chester Beatty Li- 
brary in Dublin his autograph copy of a major work on instruments, a richly 
illustrated survey of all varieties of astrolabes and quadrants known to its au- 
thor. Investigating it in the next few years will be a singular pleasure. 


X On Tunis see David A. King, "A Fourteenth-Century Tunisian Sundial... ," in Y. Maeyama 
and W. G. Saltzer. eds., Prismata: Naturwissenschaftliche Studien—Festschrift für Willy Hartner 
(Wiesbaden: Franz Steiner. 1977). pp. 187-201, esp. pp. 192-193. On the Maghreb see E. S. Ken- 
nedy and David A. King, "Indian Astronomy in Fourteenth-Century Fez... . Part IL" J. Hist. 
Arabic Sci. (forthcoming). See also King. "Astronomical Timekeeping in Ottoman Turkey," Pro- 
ceedings of the [nternational Symposium on the Observatories in Islam (Istanbul: Kandilli Obser- 
vatory, 1980), pp. 245—269. 

`` On [bn al-Sarraj (including the universal astrolabe and the ivory quadrant in the Benaki Mu- 
seum) see David A. King, The Astronomical Instruments of Ibn al-Sarráj (Athens: Benaki Museum, 
forthcoming). 
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Figure 4. The universal astrolabe of Ibn al- 
Sarráj. With this instrument problems of 
spherical astronomy can be solved for all 
latitudes in five different ways. First, the 
shakkáziya markings on the rete can be 
rotated over shakkáziya markings on one of 
the plates. Second, the ecliptic and star 
pointers can be rotated over the shakkaziya 


ESS 


Fourth, the ecliptic and star pointers can 
be rotated over a series of horizons for all 
latitudes on the mater. Fifth, numerical 


pi markings. Third, the ecliptic and star 
A pointers can be rotated over a series of 
Ké quarter plates for each 3? ot latitude. 


M eS solutions to trigonometric problems can be 
Sr eco obtained using a grid on the back of the 


instrument, together with the alidade. 
Courtesy of the Benaki Museum, Athens. 


The works of two other Aleppo astronomers on instruments have come down 
to us. Tibugha al-Baklamshi (32), well known as the author of a treatise on 
archery, also wrote a treatise on the single shakkdziya quadrant,” and his son 
CAli ibn Tibughà (33), who worked as a muwaqqit in the Umayyad Mosque in 
Aleppo, wrote a substantial treatise on the sine and almucantar quadrants. 

Although it was Ibn al-Sarraj who devised the most successful varieties of 
instruments, the achievements in instrumentation of other Mamluk astrono- 
mers at Cairo and Damascus were also considerable. While working for the Ye- 
meni Sultan al-Mujahid, the early fourteenth-century Egyptian astronomer al- 
Bakhàniqi (16), compiled an extensive set of tables of coordinates for marking 
curves on the plates of astrolabes for each degree of latitude from 0° to 90°. AL 
Bakhàniqi thus completed the set for latitudes 15? to 50? compiled by the early 
ninth-century Baghdad astronomer al-Farghàni.? Al-Farghani’s astrolabe tables 
were widely known in Mamluk Egypt and Syria, and we may presume that they 
were used in the construction of astrolabes as well as quadrants, although not 
one Mamluk astrolabe other than the universal instrument of Ibn al-Sarraj is 
known to survive. Ibn al-Shatir’s (18) contributions to instrument design were 
also considerable; they included a reversed astrolabe (on which a set of horizons 
rotated over a fixed stereographic projection of the ecliptic and various stars), 
and several trigonometric grids (see Fig. 5). He also made the large astrolabic 


M See J. Samsó Moya, “Nota acerca de cinco manuscritos sobre astrolabio," Al-Andalus, 1966, 
31:385-392; Samsó Moya, "Una hipótesis sobre cálculo por aproximación con el cuadrante Sak- 
kazi,” Al-Andalus, 1971, 36:117-126; and J. Samsó Moya and M. A. Catalá, "Un instrumento as- 
tronómico de raigambre Zarqàli: El cuadrante Sakkazi de Ibn Tibugà," Memorias de la Real Aca- 
demia de Buenas Letras de Barcelona, 1971, 13(1):5-31. 

35 See King, Tables, pp. 53-55. 

e See Schmalz), Quadrants, pp. 100-108, reprinted in Kennedy and Ghanem, Ibn al-Shdtir, pp. 

35. 
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Figure 5. Trigonometric grids 
devised by Ibn al-Sarraj (below) and 
Ibn al-Shatir (above), illustrated in 
an eighteenth-century Egyptian 
manuscript. Both can be used to 
derive numerical solutions to the 
standard problems of spherical 
* astronomy, for any latitude. 
' Reproduced from Cairo Dar al- 
` Kutub Mustafa Fadil riyada 40.2 
with permission of the Egyptian 
`. National Library. Photograph 
++, courtesy of Owen Gingerich. 


clock described by the contemporary historian al-Safadi, who saw it in the as- 
tronomer’s home, and he constructed a splendid sundial for the Umayyad 
Mosque in Damascus. 


Sundials. Sundials adorned the courts or walls of all major mosques in Egypt 
and Syria in the later Mamluk period. Few have survived, but three have been 
published in recent years.” One is the sundial installed in the Mosque of Ibn 
Tülün in the late thirteenth century. For some reason, possibly because it was 
defective, it was destroyed, but fortunately not beyond recognition, and Na- 
poleon's scholars illustrated the fragments in their Description d'Egypte. The 
sundial displayed the seasonal hours and the time of the afternoon prayer. Also 
studied recently is the vertical sundial on one of the walls of the madrasa of 


7 See L. Janin and D. A. King, "Le cadran solaire de la mosquée d'Ibn Tülün au Caire," J. Hist. 
Arabic Sci., 1978, 2:331-357; D. A. King and A. G. Walls, The Sundial on the West Wall of the 
Madrasa of Sultan Qaytbay in Jerusalem." Art and Architecture Research Papers, July 1979, 15:16- 
21; and L. Janin, "Le cadran solaire de la Mosquée Umayyade à Damas," Centaurus, 1972, 16: 
285-298. 
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Figure 6. The magnificent sundial that Ibn al-Shatir constructed in the year 1371/72 to adorn 
the main minaret of the Umayyad Mosque in Damascus. The sundial displays the time of day 
relative to sunrise, midday, and sunset and relative to the afternoon prayer. There are also 
special curves for times relative to daybreak and nightfall. Thus the sundial effectively 
measures time with respect to each of the five daily prayers. Photograph from a drawing, 
courtesy of Alain Brieux, Paris. 


Qà^itbày in Jerusalem, which displays the time remaining until the beginning of 
the afternoon prayer. The most impressive Mamluk sundial is, however, the one 
Ibn al-Shàtir constructed for the main minaret of the Umayyad Mosque in Da- 
mascus. The surviving fragments are now on display in the National Archaeo- 
logical Museum in Damascus, and an exact replica, made by the nineteenth- 
century muwaqgqit al-Tantàwi, is still in situ on the minaret. This splendid in- 
strument displays time in both seasonal and equinoctial hours, as well as time 
relative to the afternoon prayer and the prayers at nightfall and daybreak (see 
Fig. 6). 

Mamluk treatises on sundial theory, of which several are known, give yet 
more information on the different varieties of sundials that were in use, in- 
cluding, for example, sundials skewed to both planes of the meridian and the 
prime vertical. Most of these treatises contain tables of coordinates for con- 
structing sundials.** The earlier sundial tables of al-Maqsi (6) inspired the Da- 
mascus astronomer al-Tizini (69) to compile a set of tables for marking the 
curves on vertical sundials for the latitudes of Cairo, Damascus, and Aleppo 
(see Fig. 7). Ibn Südün (52) and Sibt al-Maridini (63) compiled other new sets 
of tables for Cairo, and Ibn al-Majdi (44) and al-Karàdisi (62) compiled new 
treatises on sundial theory. 

Ibn al-Shatir also devised a universal sundial and timekeeping device called 


38 On Islamic (including Mamluk) sundial theory see Carl Schoy, **Gnomonik der Araber,” in E. 
van Bassermann-Jordan, ed., Die Geschichte der Zeitmessung und der Uhren, Vol. I, Part F (Berlin/ 
Leipzig: Heinz Lafaire, 1923). and esp. Schoy, " Sonnenuhren der spátarabischen Astronomie,” Isis, 
1924, 6:332-360 (both outdated). On Islamic sundial tables see King, Tables. pp. 51-53. 
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Figure 7. An extract from al-Maqsi's tables for constructing vertical sundials for each degree 
of inclination to the meridian for the latitude of Cairo. The tables display coordinates of the 
points of intersection of the solstitial and equinoctial shadow traces with the lines for the 
seasonal hours, and this particular pair of pages serves inclination 15°. Reproduced from 
Cairo Dar al-Kutub miqat 103, folios 68v—69r, with permission of the Egyptian National 
Library. 


sandüq al-yawáqit li-maSrifat al-mawáqit, jewel box for finding the times of 
prayer." This instrument consisted essentially of a box containing a compass 
for aligning it in the meridian, fitted with a lid that could be raised to support 
either a polar sundial at the appropriate angle to the local horizon or a set of 
sights for reading the hour angle of the sun or any star. An example of this box, 
made by Ibn al-Shatir himself, survives in Aleppo. In his treatise on the use of 
the instrument, preserved in Berlin, Ibn al-Shatir failed to mention that the com- 
pass needle does not necessarily indicate true north, but then we have no idea 
what the magnetic declination was in Damascus in his time. We do know that 
the compass was in widespread use in the eastern Mediterranean in the thir- 
teenth century, if not before. 

Four later contemporaries of the Damascus school, Jamal al-Din al-Maridini 
(34), Aba Tahir (23), al-Ghuzüli (21), and after them al-Wafà?t (55) continued 
their work in Cairo, devising new instruments and even attempting to compile 
new auxiliary tables. Although the Damascus astronomers had already solved 
most of the problems, al-Maridini devised a universal quadrant based on the 
universal astrolabe of Ibn al-Sarraj (15) and consisting of two shakkáziya quad- 


39 See L. Janin and D. A. King, "Ibn al-Shatir’s Sanduq al-Yawáqit: an Astronomical Compen- 
dium," J. Hist. Arabic Sci.. 1977, 1:187-256; and, on the compass. Wiedemann. Aufsätze., Vol. I. 
pp. 36-37, G. R. Tibbetts, Arab Navigation in the Indian Ocean before the Coming of the Portuguese 
(London: Luzac © Co.. 1971), pp. 290-294, and King. Yemen, Pt. Il. Sect. 8.2. 
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Figure 8. An example of al- 
Wafá?i's equatorial semicircle. 
The circular base is to be set 
up in the cardinal directions 
using the compass. The 
semicircle is then to be 
elevated into the plane of the 
celestial equation for any 
latitude, and the sights aligned 
towards the sun: the hour- 
angle can then be read on the 
scale. Around the perimeter of 
the base are qiblas of different 
localities, and there are also 
markings for a horizontal 
Sundial for the latitude of 
Istanbul. Courtesy of 
Muammer Dizer, Director, 
Kandilli Observatory. 


rants; Ibn al-Ghuzüli developed the almucantar and sinical octants; and al- 
Wafa-i simplified the ‘‘jewel-box’’ of Ibn al-Shatir (18) to produce an equi- 
noctial dial (see Fig. 8), precursor of the popular "compendium" of Renaissance 
Europe.” 

By the end of the fifteenth century it was left to Ibn Abi`l-Fath al-Süfi (64) 
to write new commentaries on the use of the more sophisticated of the instru- 
ments devised by his predecessors in Mamluk Damascus and Cairo, and to Sibt 
al-Maridini (63) to write treatises in various recensions on the use of the simpler 
instruments such as the sine and almucantar quadrants. Mention should also be 
made of Ibn al-CAttàr (42), who in the early fifteenth century compiled a treatise 
on the construction of all of the different kinds of quadrants known to him. This 
work is of considerable historical interest and has not yet been properly studied. 


VI. MAMLUK ACTIVITY IN FOLK ASTRONOMY 


The scholars of the Mamluk period wrote comparatively little on folk astronomy, 
the nonmathematical astronomical folklore of the Islamic world whose origins 
lie in pre-Islamic Arabia. One Siraj al-Dunya wa-’l-Din, as yet unidentified, 
wrote a substantial treatise not yet studied, on all aspects of the subject in Egypt 
around 1210. The late thirteenth-century dervish al-Dirini (4) compiled a shorter 
treatise and yet simpler tracts were written by al-Haythami and al-Mahalli (50 
and 51). The late fifteenth-century polymath Jalal al-Din al-Suyüti (65) compiled 


*! See D. A. King, "An Analog Computer for Solving Problems of Spherical Astronomy: The 
Shakkáziya Quadrant of Jamal al-Din al-Máridini,' Archives Internationales d'Histoire des Sciences, 
1974, 24:219—242; S. Tekeli, (The) "Equatorial Armilla’ of Iz(z) al-Din b. Muhammad al-Wafa7i and 
(the) Torquetum,'" Ankara Universitesi Dil ve Tarih-Cografya Fakultesi Dergesi, 1960, 18:227-259; 
William Brice, Colin Imber, and Richard Lorch, The Dà^ire-yi MuSaddal of Seydi “Ali Reis (Sem- 
inar on Early Islamic Science, monograph 1) (Manchester: Univ. Manchester, 1976) and Muammer 
Dizer, "The Da"irat al-MuCaddal in the Kandilli Observatory ... ," J. Hist. Arabic Sci., 1977, 
1(2):257-262. 
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a substantial treatise on the references to astronomy in the Qur2àn and the 
Prophetic sayings known as the hadith, recently studied for the first time.*! 

An interesting development of primitive techniques of timekeeping by night 
using the lunar mansions is found in a thirteenth-century Egyptian muezzins' 
manual, extant in a unique copy in the Bodleian Library in Oxford.*? This 
manual contains precisely the kind of information that Ibn al-Ukhuwwa implied 
all muezzins should know. The manual presents diagrams of the lunar mansions, 
with tables displaying the lunar mansion rising, culminating, and setting at dif- 
ferent times of the night. Such material is not otherwise known in the Islamic 
sources, except in various almanacs from medieval Yemen. Later Cairo muez- 
zins and muwaqqits seem to have preferred the more sophisticated tables for 
regulating the times of prayer described above. 


VII. MAMLUK ACTIVITY IN ASTROLOGY 


The Mamluk astronomers whose names we have mentioned wrote surprisingly 
little on astrology. All zijes contain some astrological material, so that the 
major Mamluk zijes such as the anonymous Mustalah Zij, the Zij of Ibn al- 
Shatir, the Syrian versions of the /Ikhàni Zij of al-Tüsi, and the Egyptian and 
Syrian versions of the Zij of Ulugh Beg must be consulted in any investigations 
into this subject. The independent treatises on the theoretical aspects of as- 
trology compiled in Mamluk Syria and Egypt are the following: a treatise by 
al-Marrákushi (5), known only from one surviving fragment; an eclectic work 
supposedly compiled in Cairo in 1358 by Ibrahim al-Hàsib al-Maliki al-Nàsiri 
(27), an individual otherwise unknown to me; another such work compiled in 
Cairo about 1425 by Ibn al-CArabàni (43); and a short treatise by Ahmad ibn 
Timurbay (72). 

We may perhaps assume that the mosque associations of the muwaqgqits pre- 
vented them from writing on astrology. Certainly there are no astrological tables 
in the various copies of the Cairo corpus of tables for timekeeping. Unfortu- 
nately, we have no biographical information on one Yusuf ibn Tüghàn (68) called 
al-miqáti, who wrote a short astrological treatise dealing with prices. Only one 
individual horoscope is known to me from the entire corpus of Mamluk astro- 
nomical sources, that compiled by Ibn al-Majdi (44) for the amir Nasir al-Din 
Abu’l-Fath Muhammad, who was born in Cairo A.H. 802 (= A.D. 1399/1400). I 
know of only one Mamluk astrological history, that compiled by the Aleppo 
astronomer al-Hamzàwi (67). His treatise contains a series of horoscopes for 
the various Mamluk campaigns against the Ottomans around Adana about 1495. 
The fourteenth-century Cairo scholar Ibn al-Akfani informs us of the various 
astrological treatises known to him, but none was contemporary with him. The 


4! On Islamic folk astronomy, see Ch. Pellat, article ''Anwá?," Encyclopaedia of Islam, 2nd. ed 
J. Ruska, article " Manàzil," in Encyclopaedia of Islam. Ist. ed.. 4 vols. (Leiden: Brill, 1913-1934); 
and C. A. Nallino, Raccolta di Scritti Editi e Inediti, Vol. V (Rome: Istituto per l'Oriente, 1944), 
pp. 152-197. On al-Suyüti's treatise see Anton Heinen, Islamic Cosmology: A Study of as-Suyüti's 
‘‘al-Hay?a al-saniya fi al-hay?a al-sunniya'' (Beirut: in commission for Franz Steiner [Wiesbaden], 
1982). 

4 See the summary in King, "Role of the Muwaqqit" (cit. n. 10). 

43 See Kennedy, Survey, pp. 144—145. The position of astrology in Islamic society is discussed in 
G. Saliba, '"The Development of Astronomy in Medieval Islamic Society." Arab Studies Quarterly. 
1982, 4(3):211-225. 
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only Mamluk manuscript copy of such astrological treatises I know is al-Hamza- 
wi's copy of a work by the thirteenth-century scholar Muhiy al-Din al-Maghribi 
(2) of Maragha. 

It is safe to assume that the Mamluk sultans had considerable interest in as- 
trology, even though there are so few surviving texts to prove it. No investi- 
gation of Mamluk historical documents has been conducted with this aim yet; 
two references to court astrologers were noted above. A malhama, or book of 
prognostications for each month of the Syrian (solar) year, dedicated to Sultan 
Qà"itbày, is preserved in a single manuscript in the Chester Beatty Library in 
Dublin. The prognostications are based on such criteria as comets, thunder, 
lightning, earthquakes, the physical appearance of the lunar crescents at the be- 
ginning of the Muslim months, and the like, apparently derived mainly from 
Hermetic material. Religious scholars, of course, frowned upon faith in such 
prognostications, and at least one Mamluk theologian, Ibn Qayyim al-Jawziya 
of Damascus, wrote a polemic against astrology.“ 

Under the Ottomans the compilation of treatises on astrology began to flourish 
again, as we can judge from the number of treatises compiled by Egyptian as- 
tronomers in that period. Nevertheless, the authors of these treatises were not 
muwaqgqits. The influence of astrology under the Mamluks and the Ottomans is 
a subject that merits investigation. 


VIII. MAMLUK ACTIVITY IN MATHEMATICS 


It would be inappropriate to omit from our discussion Ibn al-Hà?im (35), an 
Egyptian who worked in Jerusalem in the late fourteenth century as a teacher 
at the Saláhiya madrasa. Ibn al-Hà?im's works on arithmetic, simple algebra, 
and the arithmetic of inheritance had considerable influence in later Syria and 
Egypt. They were much commented upon in both Mamluk and Ottoman times, 
even by individuals, such as Sibt al-Maridini (63), whose prime interest was in 
astronomy. But the compilation of such commentaries, through no fault of the 
author of the originals, marked the end of creative mathematical activity in Syria 
and Egypt. It was in the Maghreb that developments of consequence were being 
made in mathematics, particularly with regard to algebraic notation: these Magh- 
ribi works were available to scholars in Mamluk Egypt and Syria and were also 
commented upon by them.* Even this infusion of ideas from the Maghreb does 
not seem to have been able to stop the steady decline of mathematics in the late 
Mamluk period. 


IX. CONCLUDING REMARKS 


Creative astronomical activity came to an end in Syria with the destruction of 
Damascus by the Mongols in 1402, in Egypt with the works of Sibt al-Maridini 
around 1500. The Ottoman astronomers found themselves heirs to the Egyptian 


4 See J. W. Livingston, “Ibn Qayyim al-Jawziyyah: A Fourteenth Century Defense Against As- 
trological Divination and Alchemical Transmutation,"" Journal of the American Oriental Society, 
1971, 91:96—-103. 

45 On mathematics in the Maghreb, with reference to certain Mamluk commentaries on Maghribi 
works, see A. Djebbar, Enseignement et recherche mathématiques dans le Maghreb des XII-XIV: 
siècles (Publications Mathématiques d'Orsay, no. 81-02)(1980). 
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and Syrian traditions, as well as to the works of the Samarqand astronomers, 
some of whom, such as Qàdi Zāde al-Rümi and “Alî Qūshjī, had close personal 
ties to Ottoman Turkey. The most famous Muslim astronomer of the sixteenth 
century, Taqi'l-Din ibn Ma“rüf, who directed the Istanbul Observatory, was a 
Syrian who had lived both in Egypt and in Nablus and was familiar with the 
rich heritage of Mamluk astronomy. In the eighteenth century the Ottomans 
came into contact with European astronomy, and the ‘‘zijes’’ of the French as- 
tronomers Lalande and Cassini were translated into Turkish and their tables 
adapted to the longitude of Istanbul. Other versions were later prepared in 
Arabic for Cairo and Damascus. 

Astronomy continued to be studied in Cairo and Damascus after Istanbul had 
become the center of astronomical activity in the Islamic world. Different and 
virtually independent schools likewise continued to flourish in the Maghreb and 
in Safavid Iran. The compilation of annul ephemerides and the copying of tables 
for timekeeping for the use of the muwaqqits continued apace. Astrology, barely 
in evidence under the Mamluks, flourished again. But the great scientists of 
ninth-century Syria and tenth-century Cairo, and even the lesser, nevertheless 
significant astronomers of Mamluk times, had been virtually forgotten. The his- 
torian al-Jabarti tells us that the textbooks in astronomy and mathematics used 
in the Azhar about 1800 consisted mainly of a nontechnical digest of Ptolemaic 
astronomy compiled by al-Jaghmini in Central Asia in the early thirteenth cen- 
tury, various treatises on timekeeping and on instruments by Sibt ai-Maridini 
(63), and various treatises on mathematics by Ibn al-Ha>im (35).? 

The manuscript libraries of Cairo and Damascus, which contain many manu- 
scripts copied during the Ottoman period, and even the older collections in 
Europe whose shelves are somewhat less cluttered with late manuscripts, bear 
witness to the popularity of the works of al-Jaghmini, Ibn al-Ha?im and Sibt 
al-Máridini and the numerous commentaries on them. It was only by looking 
beyond these to the more exciting works of the Mamluk astronomers extant 
in relatively few copies that a reasonably clear picture of astronomy in Mam- 
luk Egypt has emerged. 

This present survey is of necessity preliminary. Ibn al-Shatir’s work on plan- 
etary astronomy was investigated for the first time only twenty-five years ago 
and is still not published. The works of al-Maqsi, Najm al-Din al-Misri, Ibn al- 
Sarraj, al-Mizzi, al-Khalili, al-Màridini, al-Wafa?i, and Ibn Abi'lFath al-Süfi 
have been studied only in the last ten years, but none is published. Ibn al-Sar- 
raj's treatise on instruments was discovered after this paper was completed and 
remains to be properly studied. There is more work to be done, both on the 
technical details of various Mamluk treatises and the transmission of scientific 
ideas, and on the social status and institutional organization of the Mamluk as- 
tronomers. Still, we can say with conviction that the Mamluks left a heritage of 
astronomical treatises and instruments that was as impressive as any of their 
contemporaries in the Near East, where the scientific age was drawing to a 
close, or in Europe, where a new scientific age was beginning. 


“ There is as yet no satisfactory overview of Ottoman astronomy. The survey in S. A. Adnan, 
La science chez les Turcs Ottomans (Paris: G. Maisonneuve, 1939) is quite inadequate. 

“See J. Heyworth-Dunne, An Introduction to the History of Education in Modern Egypt 
(London: Luzac & Co., 1940), pp. 62-64. 
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APPENDIX: A LIST OF MAMLUK ASTRONOMERS 


The astronomers are listed more or less chronologically; their numbers are given peri- 
odically in the text after their names. Important astronomers are marked by one asterisk, 
especially important ones by two. 


Astronomer, affiliation, location, and date References? 
Suter King 
1 **Mu"ayyad al-Din al--Urdi, fl. Damascus ca. 1250: (pp. 147, — 
later associated with the observatory in Maragha 134) 
2  *Muhiy al-Din al-Maghribi, fl. Damascus ca. 1250; 376 G21 
later associated with the observatory in Maragha 
3  *Anonymous compilers of the Mustalah Zij, fl. — C12 
Cairo ca. 1250 
4 Diyà? al-Din al-Dirini, an itinerant dervish. fl. — C14 
Egypt ca. 1275 
5 **Abü “AIî al-Marrakushi, no known affiliation, fl. 363 C17 
Cairo ca. 1280 
6  *Shihàb al-Din al-Maqsi. no known affiliation. fl. 383 C15 
Cairo ca. 1280 
7 *Najm al-Din al-Misri, no known affiliation. fl. 460 C16 
Cairo ca. 1280 (confused) 
8  *Abü'l-Fidà^, ruler and scholar, fl. Hama ca. 1300 392 — 
9 *Amin al-Din al-Abhari, worked for Abu'l-Fidà? 393 — 
(8) 
10 *CUmatr al-Farisi, worked for Abu I-Fidà? (8) — C21 
11 *Abé AIî al-Fàrisi, no known affiliation, fl. — C19 
Hama ca. 1300 
12 Badr al-Din ibn Jamá^a al-Kinani, sometime — C23 
chief gddi of Egypt and Damascus 
13  *Nasir al-Din ibn Sim*ün, muwaqqit at the 398 C24 
Mosque of “Amr in Fustat ca. 1300 
14 Ahmad al-Juzajàni, no known affiliation, fl. 401 — 
Cairo ca. 1325 
15 **Ibn al-Sarraj, no known affiliation, fl. Aleppo ca. 508 C26 
1325 (confused) 
16 = *al-Bakhaniqi, no known affiliation. fl. Cairo ca. — C28 
1325: also worked in the Yemen 
17  *al-Mizzi, muwaqqit at the Umayyad Mosque in 406 C34 
Damascus, died ca. 1350 
18 **Ibn al-Shatir, muwaqqit at the Umayyad Mosque 416 C30 
in Damascus, fl. ca. 1350 . 
19 **al-Khalili, muwaqqit at the Umayyad Mosque in 418 C37 
Damascus, fl. ca. 1350 
20 *Ibn al-Kattani, no known affiliation, fl. Cairo ca. 410 C32 
1350 
21  *Ibn al-Ghuzüli, no known affiliation, fl. Cairo ca. 412 C33 
1350 


*$ References are by number to Suter, "Mathematiker und Astronomen der Araber" (by the num- 
ber preceded by N to the “Nachtrage”: see n. 1); and King. Survey (cit. n. 1), which has all 
necessary cross-references to the works of Brockelmann and Azzawi. References are also made in 
the following works to the following astronomers: Mayer, Islamic Astrolabists (cit. n. 1): S (p. 46), 
21 (p. 53). 30 (p. 35): Encyclopaedia of Islam, 2nd ed. (cit. n. 4): 8, 10 (under Ibn Djama-a); DSB 
(cit. n. 2): 8, 18, 19 (Suppl.); Sezgin. Geschichte des arabischen Schrifttums (cit. n. 1): 27 (Vol. 
VH, p. 25); and Heinen. Islamic Cosmology (cit. n. 41): 65. 
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22 
23 
24 
25 
26 
27 


28 
29 


30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 


49 
50 


51 


52 


Ahmad ibn “Umar al-Shàdhili, not identified 
Taqi'l-Din Abo Tahir, not identified 
Taj al-Din al-Tabrizi, teacher at the Turuntày 
madrasa in Cairo, fl. ca. 1350(?) 
al-Murshidi, no known affiliation, fl. Cairo ca. 
1350(?) 

*[bn al-Rashidi, no known affiliation, fl. Cairo ca. 
1360 
Ibrahim al-Nàsirt, no known affiliation, fl. Cairo 
ca. 1360 
Abu Maat al-Saati, not identified 
Zayn al-Din al-Karaki, a muwaqqit in Jerusalem, 
student of al-Mizzi (17) 
Ahmad al-Hariri, no known affiliation, fl. Cairo 
ca. 1380 
Ismail ibn Hibat Allah al-Hamawi, not 
identified 
C Alà? al-Din Tibughà al-Baklamshi, no known 
affiliation, fl. Aleppo ca. 1375 
C Ali ibn Tibughà al-Baklamshi, son of 32, 
muwaqqit at the Umayyad Mosque in Aleppo 
Jamal al-Din al-Maridini, no known affiliation, fl. 
Cairo(?), perhaps Damascus, ca. 1400 
Ibn al-Hà2im, teacher at the Salahiya madrasa in 
Jerusalem, lived ca. 1355-1412 
€ Abd al-^ Aziz ibn MasSüd, no known affiliation, 
fl. Cairo ca. 1400 
Muhammad ibn Idris, no known affiliation, fl. 
Cairo ca. 1400 
Zayn al-Din SUmar al-Zuhri, not identified 
Shihàb al-Din al-Basati, not identified 
Sharaf al-Din al-Khalili, nephew of 19, muwaqqit 
at the Umayyad Mosque in Damascus, fl. ca. 
1400 
Shihab al-Din al-Kawm al-Rishi, muwaqqit at the 
Mosque of al-Mu?ayyad in Cairo, fl. ca. 1410 
Ibn al-^ Attàr, no known affiliation, fl. Cairo ca. 
1425 
Ibn al-“Arabanî, no known affiliation, fl. Cairo 
ca. 1425 

**Tbn al-Majdi, no known affiliation, fl. Cairo ca. 

1425 

*Shihàb al-Din al-Halabi, muwaqqit at the 
Umayyad Mosque in Damascus, fl. ca. 1425 
Nor al-Din SAB al-Naqqàsh, no known 
affiliation, fl. Cairo ca. 1425 

*[bn al-Muhallabi, no known affiliation, fl. Cairo 
ca. 1450 
Sayf al-Din Satilmish, a muwaqqit in Cairo, fl. 
ca. 1450 
Muhammad al-Ghazàwi, not identified 
“AIî ibn Muhammad al-Haythami, no known 
affiliation, fl. Cairo ca. 1450 
Hasan al-Mahalli, no known affiliation, fl. Cairo 
ca. 1450 
Ibn Südün, no known affiliation, fl. Cairo ca. 
1450(?) 
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Südün al-Bashtaki, a muezzin in Cairo ca. 
1450(?) 

*Ibn al-Mushrif, no known affiliation, fl. Cairo ca. 
1450 

*CIzz al-Din al-Wafa-i, muwaqqit at the Mosque 
of al-Mu^ayyad in Cairo, fl. ca. 1450 

*al-Aqfahsi, no known affiliation, fl. Cairo ca. 
1450 

Abu'l-Baqà? Yahya ibn al-Ji©an, no known 
affiliation, fl. Cairo ca. 1450 

Zakariyà? al-Bilbaysi, no known affiliation, fl. 
Cairo ca. 1450(?) 
Muhammad ibn al-^Attár al-Bilbaysi, not 
identified 

al-Qaymari, not identified 

Abü Bakr ibn al-Imám, not identified 

*al-Karàdisi, muwaqqit at the Ashrafiya madrasa 
in Cairo, fl. ca. 1460 

**Sibt al-Maridini, grandson of 34, muwaqqit at 
Azhar Mosque in Cairo, fl. ca. 1460 
**[bn Abi'l-Fath al-Süfi, no known affiliation, fl. 

Cairo ca. 1460 

Jalàl al-Din al-Suyüti, celebrated author and 
teacher, fl. Cairo ca. 1475 
Yahya al-Rifá^i, no known affiliation, fl. Cairo 
ca. 1475 

*Yüsuf ibn Qurqamas al-Hamzawi, amir al-hajj in 
Aleppo, fl. ca. 1475 
Yusuf al-Qittaji al-Miqati, not identified 
al-Tizini, muwaqqit at the Umayyad Mosque in 
Damascus, fl. ca. 1500 

*al-Sàlihi, muwaqqit at the Umayyad Mosque in 
Damascus, fl. ca. 1500 
al-Qastalani, no known affiliation, fl. Cairo(?) ca. 
1500 

*al-Shihab Ahmad ibn Timurbay, no known 
affiliation, fl. Cairo ca. 1500 
Muhammad ibn Dallàl al- Wafa?i al-Suyüti, a 
student of al-Süft (64) 
C Ali al-Málaqi, a student of 73 
Ibn SAbd al-Ghaffàr, no known affiliation, fl. 
Mecca ca. 1515 
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Mathematical Astronomy 
in Medieval Yemen 


From the ninth to the fifteenth century the astronomers of the 
Islamic world were pre-eminent. During these seven centuries 
numerous Muslim astronomers made new observations, compiled 
new tables, devised new instruments, and in general made progress 
in each of the various aspects of the science which were their 
concern.! A rather small fraction of the works that they compiled 
was translated into Latin and thus available to medieval Europe; 
the remainder was not known outside the Islamic world. These few 
Islamic works which were transmitted are now fairly well known to 
historians of science, but they hardly represent the scope of the 
Muslim activity in astronomy. The vast number of Islamic astrono- 
mical works that were not known in medieval Europe but which do 
reflect the Muslim activity in astronomy over several centuries are 
known mainly through modern studies of manuscripts. 

Medieval mathematical astronomy was concerned with such 
topics as the determination of the positions of the sun, moon, 
planets and the fixed stars; the prediction of planetary conjunc- 
tions, eclipses, and visibility of the lunar crescent; timekeeping by 
the sun and stars; and the computation of horoscopes and celestial 
configurations with astrological significance. The Islamic tradition 
of mathematical astronomy was based on the earlier traditions of 
Greek, Sasanian, and Indian astronomy, rather than the primitive 
folk astronomy of the Arabian peninsula. Since only a very small 
fraction of the works compiled by Muslim astronomers was known 
in medieval Europe, most of the vast corpus of Islamic astronomi- 
cal literature has only become known in the West during the past 
150 years, as a result of the labours of orientalists working on the 
manuscripts in which this heritage is in part preserved. This type of 
literature includes the zíj, i.e. astronomical handbooks containing 
extensive tables and instructions for solving standard problems 
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confronting the medieval astronomer; tables for timekeeping by the 
sun and stars and for regulating the times of prayer, which in Islam 
are astronomically defined; treatises on astrology; and treatises on 
a wide range of other related topics. Of this literature the zij and 
other tables for specific purposes such as timekeeping or construc- 
ting instruments are the most important category for the historian 
of science. 

There has been an active tradition in mathematical astronomy in 
the Yemen from the tenth century down to the present.* This is 
reflected in about one hundred medieval astronomical manuscripts 
of Yemeni provenance that have been located in the past few years 
in various libraries in Europe and the Near East, and furthermore 
the scope of the surviving astronomical writings suggests that other 
works were compiled that are now no longer extant. It must be 
stressed at the outset that we have very little evidence of original 
observations carried out in the Yemen, and that the Yemeni astro- 
nomical works are of interest to the history of science mainly 
because they incorporate earlier ‘Abbasid or Fatimid material no 
longer extant in its original form. Also the Yemeni tradition of 
mathematical astronomy is distinct from the tradition of folk 
astronomy attested in the simple Yemeni almanacs on which there 
is already some published material.5 This folk astronomy relates the 
seasons, whose passage is determined by the progress of the sun 
along the ecliptic, to agricultural and meteorological patterns. 

The earliest Yemeni astronomer on whom we have any reliable 
information is the celebrated late tenth century geographer Al- 
Hamdani. He compiled a Zij which was used in the Yemen at least 
until the thirteenth century. Unfortunately this is no longer extant, 
but we know from a surviving fragment of al-Hamdaàni's treatise 
on mathematical astrology that he was familiar with the earlier 
astronomical handbooks (zi/) of the astronomers of ‘Abbasid Iraq. 
Most of these are likewise lost, and it is a complicated task for the 
historian of Islamic science to gather information on these works 
from such valuable sources as al-Hamdani’s chapter in his treatise 
on astrology dealing specifically with the different opinions of his 
predecessors. 

Under the Rasulid Sultans there was considerable activity in 
astronomy in the Yemen, some of which was conducted by the 
Sultans themselves. The two astronomers al-Farisi and al-Kawashi 
were apparently sponsored by the Sultan al-Muzaffar. Al-Farisi 
prepared a Zij containing tables for the Yemen, based on a twelfth 
century Iraqi zij, and al-Kawashi prepared a zij with tables specifi- 
cally for Aden and Ta‘izz, recording observations which he had 
made himself in Egypt, and incorporating material from earlier 
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Iraqi and Egyptian zij handbooks.The Sultan al-Ashraf himself 
compiled an extensive treatise on the construction of astrolabes and 
sundials, displaying his knowledge of certain earlier Andalusian 
and Egyptian works on these instruments. He compiled new tables 
of coordinates for drawing the curves on astrolabe plates and the 
curves on horizontal sundials, computing these tables for the 
latitudes of the major cultural centres of the Yemen and the Hejaz. 
One of the astrolabes made by al-Ashraf with the aid of these tables 
is now preserved in the Metropolitan Museum of Art in New York. 
However, perhaps the most interesting feature of al-Ashraf's 
treatise is that it contains as an appendix a discussion of the 
magnetic compass: this is the earliest known reference to the 
compass in an Arabic astronomical text. Al-Ashraf also compiled 
an extensive treatise on astrology, in which he included astrological 
tables specifically computed for the latitude of San‘a’. 

The Yemeni astronomer Abu 'l-*Uqül worked for the Sultan al- 
Mu'ayyad. He compiled a zij based on one of the zij handbooks of 
the celebrated tenth century Cairo astronomer Ibn Yünus, and 
included tables specifically computed for the latitudes of Aden, 
Ta'izz, Zabid, and San‘a’. Some of the material lifted by Abu 
’1-‘Uqul from Ibn Yunus is not extant in any of the manuscripts of 
Ibn Yunus’ own works.5 Greater originality is displayed in the 
corpus of tables for timekeeping attributed to Abu ’I-‘Uqil. These 
tables for timekeeping by the sun and stars, computed for the 
latitude of Ta'izz, constitute the largest known corpus of such 
tables compiled for any Islamic city during the medieval period, 
being considerably more extensive than the corresponding tables 
that were prepared in the thirteenth and fourteenth centuries for 
such centres of astronomy as Cairo and Damascus. In fact, the 
Ta'izz corpus contains over one hundred thousand entries, but it is 
difficult to estimate the extent to which these tables were used in 
later centuries since they survive in only two manuscripts whereas 
literally dozens of manuscripts of the Cairo and Damascus tables 
survive. No comparable corpus of tables for timekeeping appears 
to have been compiled for San‘a’. 

Each year almanacs and ephemerides were prepared for the 
Yemeni Sultans by their astronomers. These contained extensive 
calendrical and astrological information for the year in question, as 
well as tables of the positions of the sun, moon, and planets for 
each day of the year. Two of these survive in the manuscript 
sources: the first was prepared for San‘a’ in 727 Hijrah ( = 1326/7), 
and the second for Ta‘izz in 808 Hijrah (= 1405/06). 


The Sultan al-Afdal compiled an extensive compendium of astro- ` 


nomical treatises and tables, most of which were simpy lifted from 
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earlier Egyptian, Syrian, and Yemeni sources. Such a compendium 
is of considerable interest to historians of science for the informa- 
tion it contains on earlier works that are no longer extant in their 
original form. Various other later Yemeni works of an eclectic 
nature survive either complete or in fragmentary form in the manu- 
script sources and remain to be properly studied, including zij 
handbooks for San‘a’, Zabid, and Ta‘izz. 

The last Yemeni zij handbooks were compiled for San‘a’ in the 
mid-seventeenth century by the brothers al-Hasan and ‘Abdullah 
al-Sarhi, relying entirely on earlier Yemeni zij handbooks. In 
San‘a’ today there is still a small group of elderly people who have 
received instruction on the zij handbooks of the brothers al-Sarhi. 

Besides this sophisticated tradition of mathematical astronomy 
the Yemeni astronomers maintained an interest in traditional folk 
astronomy and simple timekeeping using shadow lengths by day 
and the lunar mansions by night. Thus, for example, the thirteenth 
century astronomer al-Farisi wrote a treatise on these two topics as 
well as his zij. In medieval Yemeni almanacs simple tables were 
sometimes given for reckoning time of night by the lunar mansions. 

In the courtyard of the mosque of al-Janad north of Ta‘izz there 
is a stone gnomon about the height of a man,* with which the time 
of day could be reckoned using simple rules originally adopted 
from Indian astronomy, and the time of the midday and afternoon 
prayers, both defined in terms of shadow lengths, could also be 
regulated. Using one eleventh-century Yemeni treatise on simple 
techniques of timekeeping with such a gnomon it has been possible 
to explain the origin of the definitions of the times of the daytime 
prayers in Islam.’ 

In the Yemen, as elsewhere in the Islamic world, mathematical 
astronomy declined from about the fifteenth century onwards. The 
works of the early Yemeni astronomers were thereafter forgotten 
and in some cases lost. Fortunately, enough Yemeni manuscripts 
survive in libraries in Europe and the Near East to enable us to 
document a substantial part of this tradition for the first time. 


*This gnomon is known locally as ‘Asa Mu‘adh b. Jabal, the ‘stick’ of this cele- 
brated Companion of the Prophet despatched by him to the Yemen [R.B.S.] 
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. The habtaq lunar equation tables entitled al-Ta‘dil al-muhkam. 
. Ibn al-Majdi on /abtaq tables. 


1. Introduction 


In this paper I describe a set of tables for finding the longitude of the 
moon, attributed to the tenth century Egyptian astronomer Ibn Yünus.! 
The underlying lunar theory is that of Ptolemy, but these tables are so 
devised that the user is spared the calculations which are associated with 
Ptolemy's lunar tables. Ibn Yunus’ tables, if such they are, contain over 
34,000 entries, and are preserved in a manuscript in the Egyptian National 
Library, Cairo. Another manuscript in the Forschungsbibliothek, Gotha, 
contains part of the original set. The tables are of interest as the earliest 
attempt by a medieval scholar to solve the computational problem of the 
determination of the lunar position according to the sophisticated Ptole- 
maic theory.? 

Ptolemy’s method for finding the lunar longitude A involves taking the 
mean longitude A from the mean motion tables and adjusting it by a cor- 
rection 6 called the lunar equation, thus: 
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A= X+ Š (1) 


The Ptolemaic lunar equation is a function of the mean lunar anomaly y 
and double elongation 2n, that is, twice the elongation of the moon from 
the sun, both of which can easily be found from the mean motion tables 
for the sun and moon. In the Almagest, Ptolemy tabulates four auxiliary 
functions, here denoted by cs, c4, cs, ce following the convention of O. 
Neugebauer, with which the equation can be found in two steps. The 
procedure is the following: first find the ‘true anomaly’ y’, using 


Y = Y + ca(2n), (2) 
and then find the equation using 
5(2n, y) = caly’) + es(Y) ١ ce(2n) (3) 


Whilst the computation of 5 using these auxiliary functions is not very 
difficult, it can involve several interpolations as well as the additions and 
multiplication. For given y, the function 6(2n, y) varies non-linearly be- 
tween c4(y) at 2n = 0° and ca(y) + cs(y) at 2n = 180°. Note, however, 
that 5 increases linearly between these two limits when expressed as a 
function of y’ and ce, The functions c4 and cs are zero for arguments 0° 
or 180°, since, for any value of 2n, 5(2n, y) is zero when y’ equals either 
of these two values, but 5(2n, y) is generally non-zero when y equals 0° 
or 180*. 

In the Almagest, Ptolemy tabulated the four auxiliary functions for 
each 6? of argument (and for each 3? near argument 90^) to two sexa- 
gesimal digits. In the Handy Tables the argument increment is 1° and the 
interpolation function cs is tabulated to only one digit.? Many medieval 
Muslim astronomers based their lunar equation tables on those in the 
Handy Tables, sometimes recomputing certain of them for new para- 
meters. Thus, for example, from the early period of Islamic astronomy 
we have the lunar equation tables of Yahyà b. Abi Mansür (ca. 830) and 
al-Battàni (ca. 900), the first identical with those in the Handy Tables and 
the second slightly modified.* The lunar equation tables of Habash (ca. 
850) are adjusted so that the equation is always additive.® 

It has already been noted that extensive double-argument tables for the 
lunar longitude or equation were compiled in the late Islamic period: 
with these tables no calculation beyond interpolation is necessary to find 
the true equation from the double elongation and the mean anomaly. In 
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1971 C. Jensen described a set of lunar tables containing 1,830 entries in 
the thirteenth century Zij of al-Baghdàdi.9 In 1967 M. Tichenor noted the 
existence of a double-argument table for the lunar equation in the Khaqani 
Zij of the fifteenth century Samarqand astronomer al-Kàshi,? and more | 
recently G. Saliba has analyzed another such table computed by the 
fifteenth century priest Qiryaqüs.? 

Before discussing Ibn Y ünus' tables it is worth noting that two fifteenth 
century Egyptian astronomers, Ibn al-Majdi? and Shams al-Din al-Süfi1? 
also compiled extensive lunar equation tables. Ibn al-Majdi’s lunar tables 
and similar tables for the sun and planets are based on the parameters of 
the mid-fourteenth century Zij of Ibn al-Shatir.!! These extensive tables 
are contained in a work entitled al- Durr al-yatim, the Unique Pearl, which 
deserves study.!? al-Süfi, on the other hand, used the parameters of the 
fifteenth century Zij of Ulugh Beg,!3 compiled in Samarqand, but his 
tables appear to be an extract from the more extensive lunar and planetary 
equation tables of the Damascus astronomer Abd al-Rahman al-Salihi:!4 
these are one of the largest known sets of tables from the Islamic period, 
containing over 170,000 entries. 


2. On the sources for Ibn Yünus' lunar equation tables 


Ibn Yünus' major works were the Hakimi Zij (Hakemite Tables), a lengthy 
compendium on planetary and spherical astronomy, and at least part of 
the extensive tables known as Kitab Ghayat al-intifa¢ (Very Useful Tables) 
for reckoning time by the sun and regulating the astronomically defined 
times of Muslim prayer. 

Only three quarters of the original Hakimi Zij is extant in the known 
manuscript sources. Recent research has shown, however, that consider- 
able material due to Ibn Yünus, including some material not contained 
in the extant chapters of the Zij, is located in later zijes compiled in Egypt, 
Persia, and the Yemen.!5 Also, preliminary examination of these sources 
reveals that Ibn Yunus compiled several zijes rather than just the Hakimi 
Zij. For example, the Yemeni Mukhtdr Zij!9 is apparently based almost 
entirely on a Zij of Ibn Yunus other than the Hakimi Zij. 

The Very Useful Tables, extant in several manuscript copies, consist of 
about 200 pages of tables each containing 180 entries, computed with re- 
markable accuracy. Some of these may have been computed by the thir- 
teenth century Egyptian astronomer al-Maqdisi.!? The functions tabu- 
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lated relate to spherical astronomy, such as the hour-angle and solar azi- 
muth as functions of solar altitude and longitude, as well as to the times 
of Muslim prayer. These tables were the model for virtually all later 
medieval tables of this kind in Egypt and Syria. 

The sources for the present study are the Hakimi Zij itself, the Yemeni 
Mukhtar Zi, and other manuscripts preserved in Cairo and the Yemen. 
I discuss three sets of tables, all of which are based on Ibn Yünus' lunar 
parameters. The entries in the third set are shown in the sequel to be based 
on those in the second set, which in turn were derived from the entries in 
the first set. 


(1) Regular lunar equation tables, contained in the Hakimi Zij, MS 
Leiden Or. 143, pp. 175-177. 

(2) Auxiliary lunar equation tables, contained in the Yemeni Mukhtar 
Zij, MS British Museum 768 (Or. 3624), fols. 133v-151r. An abstract 
of these tables is contained in MS Cairo Dar al-Kutub, migat 39M, 
and a manuscript of an astronomical compendium by the Yemeni 
Sultan al-Afdal al--Abbas ibn Ali (ca. 1375), preserved in the 
private library of Qadi Ismail al-Akwa, Sanaa. 

(3) Tables of the true lunar equation, known as habtag tables, contained 
in a work entitled al-Ta‘dil al-muhkam, MS Cairo Dar al-Kutub, 
miqát 29.18 MS Gotha Forschungsbibliothek 1410 contains a frag- 
ment of these tables.!? 

In the manuscripts all entries are written in the standard Arabic sexa- 
gesimal notation.2° 


3. On the attribution of the habtaq tables entitled al-Ta«dil al-muhkam to 
Ibn Yunus 


A few words on the attribution of the third set of tables to Ibn Yunus are 
necessary. In the title of the undated Cairo manuscript the Egyptian as- 
tronomer is stated as the compiler; however, this title is not in the hand 
of the copyist of the manuscript. It reads Kitab Habtaq hall al-shams wa-l- 
qamar mahlil l-Ibn Yünus al-Misri al-musammá bi-l-ta‘dil al-muhkam, 
that is, Habtaq Tables of Solar and Lunar Motion Computed by Ibn Yünus 
the Egyptian and Called “The True Equation." In the Gotha manuscript 
there is neither title nor ascription, but the incomplete lunar equation 
tables follow a set of Ibn Yünus' solar azimuth tables. 

The word kabtag is new to the modern literature on Islamic astronomy. 
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However, it appears that its meaning, and the kind of tables to which it 
refers, were well known to medieval astronomers at least in Egypt and 
Syria. Ibn al-Majdi, referred to in Section 1, discusses the compilation of 
habtaq tables in some detail. Part of his discussion is presented in Section 
7, and it will be clear that he had seen the tables we describe in Section 6, 
but that he did not know who their compiler was; that he apparently did - 
not realize that the tables were based on Ibn Yünus' parameters; and that 
he did not approve of the way in which they had been compiled. 

In two other manuscripts of lunar equation tables, probably both due 
to the Syrian astronomer al-Salihi referred to in Section 1, the tables are 
called habtaq tables.?! 

In the brief introduction on the title folio of the Cairo manuscript, refe- 
rence is made to two sets of solar equation tables, one set being such that 
the equation is always additive. Neither of these tables is contained in the 
manuscript now, or in any other known Arabic sources. However, a 
table of an additive solar equation, based on Ibn Yünus' value of 2;0,30° 
for the maximum equation, exists in three Byzantine manuscripts as- 
sociated with Gregory Chioniades?? (ca. 1300). Since this parameter was 
also used in the IIkhani Zij of Nasir al-Din al-Tüsi?? (ca. 1250), it may be 
that the Byzantine table was derived from Persia rather than from 
Egypt. However, the associated solar mean motion tables are based on 
an epoch date equivalent to 1093, and so the Byzantine solar equation 
tables may be those of Ibn Yunus. 

Following the introduction there is a set of solar mean motion tables 
attributed to Ibn Yünus: indeed the entries are those of the Hakimi Zij 
for the period from 990 to 1320 Hijra, that is from 1582 to 1902 A.D.?4 
This suggests that the manuscript dates from the early part of this interval. 
There are no longer any lunar mean motion tables in the manuscript. 

At present we have a very unclear picture of the development of 
astronomy in medieval Egypt, and also .of the transmission of early 
Islamic material to Byzantine astronomers.?* However, I see no reason 

yet to doubt the attribution of all of the lunar equation tables described 
in the sequel to Ibn Yünus. 


4. The lunar equation tables in the Hàkimi Zij 


Ibn Yiinus’ tables of the lunar equation in the Hákimi Zij have the same 
format as those in the Handy Tables, and the earlier Mumtahan Zij of 
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Yahyà b. Abi Mansür: the auxiliary functions are tabulated in columns 
according to the order cs, ce, ca, and cs and are computed for each integral 
degree of argument. The functions differ from those in the Mumtahan Zij 
in that c4 is computed to three sexagesimal digits rather than two, and the 
values of the lunar epicycle radius and deferent eccentricity, here denoted 
by r and s, have been changed?? to 


r = 5;1,14,23 and s= 7 
as compared with the Ptolemaic values 
r= 5:15 and s= 10;19. 


A feature of the tables is that the values of the function cs are based on the 
Ptolemaic value of s: the entries are identical to those in the Mumtahan 
Zij and the Handy Tables. Likewise, Ibn Yünus' values of the function ce 
are originally from the Handy Tables. 

The function designated by E. S. Kennedy as c7 is also tabulated by Ibn 
Yünus: this function is a correction to be applied to the lunar orbital 
longitude to give the ecliptic longitude.” Ibn Yiinus simply copied the 
table of c; compiled by Yahyà, not recomputing it for his different value 
of the maximum lunar latitude. 

Ibn Yünus' lunar equation tables are characterized by the following 
maxima, for which the corresponding arguments are shown in parentheses: 


c3 13;8° (113?-115?) 
C4 4;48,0° (95°) 

C5 252° (105°—108°) 
c? 0;6,0° (42°-48°) 


5. The lunar equation tables in the Mukhtar and Mustalah Zijes 


The Yemeni Mukhtar Zij contains these same lunar equation tables (MS 
B.M. 768, fols. 129v—132r), and also another table (fols. 133v-151r) based 
on them. This second table, not contained in any other source known to 
me, displays values of the function 


Air, ce) = ca(Y) + es(Y) ° ce 


with y' as horizontal and ce as vertical arguments. Values are given for 
the domains 
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and are computed to three sexagesimal digits. Thus the table contains 
nearly 11,000 entries, the computation of which is as simple as it is te- 
dious. 

The table is entitled a/-tavdil al-musahhah, “true (lunar) equation", 
and the vertical argument is labelled daqa'iq al-saff al-thdni, “minutes of 
the second column”, that is, ce. At the head of each column are marked 
the arguments y’ and (360?-y^), and the units of the entries are indicated 
by the standard abbreviations j, q, y for daraj, daqá'iq and thawant, that 
is, degrees, minutes and seconds. The values of cs(y’) are written above 
the true anomaly arguments, and the first entry in each column, namely 
for cs = 0, is ca(y’). Clearly the entry for ce = Un is simply 


n Cs 
ca + "en 

A given pair of facing pages of the manuscript contains entries for ten 
consecutive values of y', those for ce = 0;1, 0;2, ..., 0;30 being tabulated 
on the right-hand page and those for ce = 0;31, 0;32, ..., 1;0 on the left- 
hand page. The entries in this table were probably used by Ibn Yünus to 
compile those in the third table described below. 

MS Cairo Dar al-Kutub, miqat 39M, and the manuscript of Qadi Ismail 
al-Akwa, Sanaa contain a table based on the one in the Mukhtar Zij. 
The function tabulated is 5’(ce, y), with the interpolation function cs as 
horizontal argument and y’ as the vertical argument. Values are given 
for each 0;5 of ce, differences for each 0;1, 0;2, 0;3, and 0;4 being given to 
the side of each part of the main table. In the Yemeni manuscript it is 
stated that this table is from the Mustalah Zij. 

This Zij was a thirteenth century Egyptian compilation, based on a 
number of sources including Ibn Yunus’ Hakimi Zij.28 Neither of the 
extant versions of the work, MSS Paris Bibliothéque Nationale ar. 2520 
and 2513, contain this table, although an additional folio in the latter 
(fol. 21v) does contain instructions for its use: 

To find the true equation (al-ta*dil al-muhkam), enter the true anomaly [that is, y) 


vertically and the minutes of the interpolation factor [that is, ce] horizontally: the 
entry is the true equation. 
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These manuscripts await detailed study to establish their precise relation 
to Ibn Yünus. In both sources, however, the lunar equation tables are the 
same as those described in Section 4. 


6. The habtaq lunar equation tables entitled al-Ta‘dil al-muhkam 


The tables in the work al-Tacdil al-muhkam give values of the true lunar 
equation 6(2n, y). With such a table there is no need to find the true anom- 
aly y’; indeed, the lunar equation is given immediately from the two 
arguments 21 and y which can easily be found from the tables of mean 
lunar motion. The lunar equation is tabulated to two sexagesimal digits 
for the domains 


2n = 1°, 2°, ..., 180° 
y = 1°, 2°, ..., 360°. 


At the head of each table is marked the double elongation, 2n, referred to 
as al-markaz, literally ‘center’, for values between 05 1° and 65 0°. At the 
foot of each table the argument (180? — 2n) is marked. Note that the 
function is symmetrical about 2n = 650° = 180°. A given table may serve 
a single, or two, or even three consecutive values of 2n, for a reason which 
will become clear below. In fact, there are 95 tables rather than 180; the 
total number of entries is 34,200. The entries in each table are arranged in 
twelve columns of thirty, and the vertical argument, the mean anomaly, 
called al-khdssa, is expressed in signs and degrees. The vertical argument 
is to be read downwards from 1° to 30? for 2n < 180? and upwards from 
0° to 29? for 2n > 180°. The function tabulated assumes both positive 
and negative values, and the sign is indicated by the letters d and s for 
z@ id and naqis, additive and subtractive. In the instructions it is noted 
that one should be particularly careful in the anomaly columns for 55 and 
113 since the equation changes direction there. 

The table of 5(2n, y) was apparently compiled from those described 
above, in the following way. For a given value of 2n, the regular tables of 
the equation in the Hakimi Zij give the correction c3(2n), and also the 
interpolation function ce(2n). The value c3(2n) is added to each value of y 
to form the true anomaly y'. With y’ and ce as arguments, one finds 
9'(y', ce) in the Mukhtar table and enters this value in the new table as a 
function of 2n and y. 
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Notice that although y is an integral number of degrees y' will generally 
not be, and one must interpolate in the table of 5'(2n, cc). By rounding 
the non-integral part of y’ to a convenient fraction the interpolation is 
much facilitated. Also, since ce is given to only one sexagesimal digit, 
several consecutive values of 2n yield the same value of cs. In fact, those 
values of 2n for which 


(a) ce(2n) is the same, 
and 
(b) there is a convenient approximation for the consecutive values of 


c3(2n), 


have been grouped together, and a single table serves these consecutive 
values of 2n . This procedure reduces the total number of entries needed 
from 180 x 360 to 95 x 360 = 34,200, as noted above. 

To illustrate this further, Column I in Table 1 shows those values of 
2n for which a single table is given. Columns II and III show the corres- 
ponding values of ce(2n) and ca(2n) taken from the Hakimi Zij. Column 
IV shows an approximate value of c3 which might have been used to serve 
all the values of 2n. This arrangement appears at first sight rather arbi- 
trary, but little accuracy is sacrificed, and one is spared computing 
another 85 x 360 entries. 

The above hypothesis about the computation of the entries is borne out 
by the entries I have recomputed by hand. Once one has mastered the 
technique it is not difficult to generate the values quickly. Consider for 
example the entry for arguments 


2n = 05 18° = 18° and y = 1313? = 43°. 
For this value of 2n we have from the Hakimi Zij 
c3 = 2;39° and ce = 0;1. 
Using a modified value of 2;30° for cs (cf. Table 1), we have 
y = 45;30°. 
Now from the Mukhtar tables 


5'(45;0°, 031) = 3;13,25° 
and 
5'(46;0°, 0;1) = 3;16,58°. 
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Distribution of the Horizontal Argument (2n) in the Table of 5(2n, y) 
Values of the argument 27 which head a given table 

Column II: Corresponding value of cs in the Hakimi Zij 

Column III: Corresponding value of c3 in the Hakimi Zij 

Column IV: Approximate value of c3 to facilitate the computation of 5(2n, y) 


III 


0; 9° 


0;18 
0;27 
0;36 
0;44 
0;53 
1;2 
1;11 
1;20 
1;29 
1;38 
1;46 
1;55 
2; 4 
2;13 
2;22 
2;31 
2;9 
2;48 
2;57 
3; 5 
3;14 
3;23 
3;31 
3;40 
3;49 


9;15 
9;22 
9;30 
9;37 
9;44 
2;11 
1;50 
1;29 
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Thus 
ë'(45;30°, 0;1) = 315°, 


which is the entry for 5(18°, 43°). 
Next consider the entry for arguments 
2n = 287° = 67° and y= 35 5° = 95°. 
For this value of 2n the Hakimi tables have 
c3 = 9;15° and ce = 0;15. 
Using a modified value of 9;20° for cs (cf. Table 1) we have 
y’ = 104;20°. 
From the Mukhtar tables 
5'(104°, 0;15) = 5;27,3° 
and 
5’(105°, 0;15) = 5;26,26^, 
so that 
5’(104;20°, 0315) = 5;27°, 
which is the entry for 5(67°, 95°). 
Again consider the entry for the arguments 
2n = 55 24° = 174° and y = 105 3? = 303°. 
We have from the Hakimi tables 
وم‎ = 2;11° and ce = 1;0, 
but we use the value 2;0° for cs (cf. Table 1), so that 
Y = 305°. 
From the Mukhtar tables 
8'(305?, 1;0) = 5;48°, 
which is the entry for 5(174°, 303°). 


Whilst the entries in the table of 5(2n, y) can be generated with con- 
siderable facility, it does not follow that every single value was computed 
in this way. Clearly in such an extensive table the accuracy of a given 
entry is controlled by the adjacent entries. Finally, it may be that the 
auxiliary table of 5’(y’, ce) was not used by Ibn Yünus to compute the 
table of 5(2n, y). 
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A program was compiled at the Yale Computer Center?? to check the 
computational accuracy of Ibn Yunus’ table of 5(2n, y), and to investigate 
the errors introduced by not tabulating values for each individual value 
of 2n. The program incorporated the instruction that the functions cs and 
ce be based on Ptolemaic parameters. Tables 2 and 3 show sample entries 
from Ibn Yünus' tables for arguments 


2n = 05 16°, 0317° and 05 18° 
and 
2n = 25 55, 28 6? and 287°, 


and the corresponding recomputed values. The difference between Ibn 
Yunus” entries and the recomputed values is generally zero or + 0;1^, and 
occasionally + 0;2° or +0;3°. It should, however, be remembered that 


Table 2 
Sample Entries from al-Ta‘dil al-muhkam for 2n = 0516", 0817°, 0518“ 
Compared with Recomputed Values of 5(2n, y) for 2n = 0516", 2n = 0817°, and 2n = 0*18* 


0s 13 2s 3s 4s 5s 68 Ts gs 9s 108 11s 
Kë dee —0;16° —2;29 —4;10 —4;51 —4,14 —2;20 —0;19 2:53 4:30 4:48 3;51 +2; 0 
—0;16 —2;29 —4;10 —4;51 —4;14 —2;21 +0;19 2:52 4:29 4;48 3;51 +2; 1 
—0;16 —2;30 —4;10 —4;51 —4;14 —2;20 —0;19 2:53 4;30 4:48 3:51 +2; 1 
—0;17 —2;30 —4;11 —4;51 —4;14 —2;20 +0;20 2:53 4;31 4:48 3;51 +2; 0 
2*..... —0;21 —2;34 —4;12 —4;51 —4;11 —2;15 +0;25 2:57 4,32 4:47 3:48 +6 
—0;:20 —2;33 —4;12 —4;51 —4;11 —2;16 +0;24 2;56 4;31 4:47 3,49 +1557 
—0;21 —2;34 —4;13 —4;51 —4;11 —2;16 +0;25 2:57 4;32 4:47 3:48 + 6 
—0;22 —2;35 —4;,13 ~4;51 —4;11 —2;15 +0;26 2:58 4;32 4,48 3:48 +1556 
3 LL —0;25 —2;38 —4;14 —4;51 —4; 8 —2;11 +0;31 3; 1 4;34 4:46 3:45 +- 2 
—0;25 —2;37 —4;14 —4;51 —4; 9 —2;11 +0;30 3; 0 4:33 4:46 3546 +1;52 
3; 1 
3; 2 


—0;26 —2;38 —4;15 —4;51 —4; 9 —2;11 +0;30 4;34 4:46 3:45 +1;52 
—0;26 —2;39 —4;16 —4;51 —4; 9 —2;10 +0;31 4;34 4;47 3,45 +1;51 


15*.... —1;21 —3;22 —4;38 —4;44 —3;29 —1; 9 +1;35 3:47 4;48 4;[29]* 3; 4 +0;58 
—1;20 —3;22 —4;38 —4;44 —3;30 —1; 9 +1;34 3:46 4;48 4:30 3; 5 +0;59 
—[;21 —3;22 —4;38 —4;44 —3;29 —1; 9 +1;35 3:47 4:49 4;30 3; 5 +0;58 
—1;22 —3;23 —4;39 —4;44 —3;29 —1; 8 +1;36 3:48 4;49 4:30 3; 4 +0;58 
30°.... —2;25 —4; 7 —4,50 —4;17 —2;25 +0;14 +2;48 4;28 4;49 3,54 2; 4 -1 
—2;25 —4; 7 —4;51 —4;17 —2;26 +0;13 +2;47 4:27 4;49 3:54 2; 5 —0;ii 
—2;26 —4; 8 —4;51 —4;17 —2;25 +0;14 +2;48 4;28 4;49 3:54 2; 5 —0;12 
—2;26 —4; 8 —4;51 —4;17 —2;25 +0;15 + 2:49 4;29 4;49 3:54 2; 4 —0;12 


< 
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Table 3 
Sample Entries from a/-Ta*dil al-muhkam for 2n = 255^, 236^, 287° 
Compared with Recomputed Values of (2n, y) for 2m = 285°, 2n = 286°, and 2n = 287° 


0s 18 28 3s 45 58 63 7s Dm 98 108 lis 

13:222. —0;54? —3;,19 —4;59 —5;:29 —4;28 —2; 3 +1; 6 3551 5;21 5:17 3556 41 
—0;53 —3;17 —4;59 —5;29 —4;28 —2; 3 +1; 5 3550 5:20 5:17 3:56 1;42 

—0;54 —3;19 —5; 0 —5;30 —4;29 —2; 3 +1; 6 3552 5:21 5:18 3:56 1341 

—0;55 —3;20 —5; 2 —5;31 —4;30 —2; 3 +1; 7 3,53 5;23 5:19 3556 1;41 

ETE —0;59 —3;24 —5; 1 —5;29 —4;25 —1;57 +1;12 3;56 5;22 5:15 3553 6 
—0;58 —3;22 —5; 1 —5;28 —4;25 -1:57 +1311 3354 5:21 5:16 3552. 7 

—0;59 —3;23 —5; 3 —5;29 —4;25 —1;57 +1;12 3;56 5:23 5,17 3:52 1;36 

0 —3;24 —5; 4 —5;31 —4;26 —1;57 +1;13 3:57 5:24 5:18 3;53 1;36 

4 —3;28 —5; 3 —5;28 —4;21 -1:51 +1;18 4; 0 5:24 5:14 3:49 1 
—1; 4 —3;26 —5; 3 —5;28 —4;21 -1:51 +1;17 3:59 5:22 5,14 3:48 132 
4 5 

5 6 


—3;27 —5; —5;29 —4;22 —1;51 +1319 4; 0 5:24 5:15 3:48 1531 


—3;28 —5; 6 —5;30 —4;22 — 551 +1;20 4; 2 5:25 5:16 3549. 1 


5 —4,13 —5;23 —5;13 —3;28 —0;3? +2;30 4;44 5:30 4:47 2:59 9 
—2; 4 —4;,12 —5;23 —5;12 —3;29 —0;37 --2;29 443 5;30 4:48 2,58 0 
5 —4;13 —5;25 ~—5;13 —3;30 —0;36 +2;30 4:45 5;31 4:48 2,58 0 
—2; 6 —4;,15 —5;26 —5;14 —3;30 —0;35 +2;31 4:46 5:32 4,49 2;58 9 

30?..... —3,15 —4;57 —5;30 —4;30 —2; 9 +1; O +3347 5:19 5,18 4; O 1:46 9 
—3;13 —4;56 —5;29 —4;32 —2; 9 +0;59 +3;46 5:18 5;19 3:59 1;47 8 

-3:14 —4;58 —5;30 —4;32 —2; 9 +1; 0 +3;47 5:20 5:20 4; O 1546 0,49 

—3;15 —4;59 —5;32 —4;33 —2; 8 +1; 1 +3349 35:21 5:21 4; O 1546 0;50 


al-Ta‘dil al-muhkam and the recomputed values are based on a mutually 
inconsistent set of auxiliary functions cs, C4, cs, and ce. 


7. Ibn al-Majdi on habtaq tables 


In a work entitled Kitab al-Tashil wa-l-taqrib fi l-hall wa-l-tarkib, On 
Simplifying the Compilation of Equation Tables and on Approximate 
Methods, Ibn al-Majdi describes the compilation of Aabtaq tables. I have 
examined MS Paris Bibliothéque Nationale ar. 2531, fols. 80r-115r of 
this work.3? Ibn al-Majdi's discussion is preliminary to a detailed descrip- 
tion of his own lunar equation tables in the work entitled a/- Durr al-yatim, 
mentioned in Section 1.?! The following passage is of particular relevance 
to the present discussion (fols. 82v-83r): 
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“There is another method for finding the lunar equation called the Aabfaq. It is 
very well known and is easier to use than the first method: it involves preparing 180 
pages followed by the half degrees of the double elongation (?) and writing at the top 
the arguments from 1? to 630? and at the bottom the arguments from 11329? to 630°. 
The 6*0? arguments are on the last page, and the sum of the arguments on the top and 
bottom of each page is 12*. However, in the tables which I have come across, the com- 
piler put on some pages one degree, on others two degrees together, and on others 
three degrees, completely without any proportion or order. Perhaps the person who 
compiled the tables prepared one page of tables instead of two or three in cases 
when the second equation [ce] was the same for the different arguments and the first 
equation [cs] was similar (mutaqdrib) for these arguments. 

If the person who made this table had prepared it for each degree of argument as we 
stated before, or for each two, or three, or six degrees, in an ordered fashion, it would 
have been preferable and more exact to use in finding the lunar equation for a given 
double elongation argument. I do not know why this table was prepared in such a 
way, resting neither on the second equation [ce] nor on the first equation [c3]. It was 
obviously prepared for the sake of brevity and as a standby.” 


Thus in the early fifteenth century the leading astronomer in Egypt did 
not know who had compiled the Aabtaq tables, and was unable to utter 
any tribute to the ingenuity of his predecessor. 
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. Ptolemy's lunar theory is outlined in Almagest V. Cf. Manitius [1], 1, 259-288, and also 


Neugebauer [1], 192-198 and Kennedy [1], 141-142. 


. Cf. Halma [I1], IH, 78ff and Stahlman [1], 249-254. 
. These tables are contained in MS Escorial ar. 927, fols. 20v-23r (cf. Kennedy [1], no. 51) 


and Nallino [1], II, 78-83 (cf. Kennedy [1], nc. 55). On al-Battàni's tables see also 
Toomer {1}, 58. 


. Cf. Kennedy-Salam [1], 496-497 for an analysis. 

. Cf. Jensen [1] and Kennedy [1], no. 3. 

. Cf. Tichenor [1] and Kennedy [1], no. 20. 

. Cf. Kennedy [1], no. 81. 

. On Ibn al-Majdi see Suter [1], no. 432; Brockelmann [1], IT, 153-155 and SII, 158-159; 


Kennedy [1], no. 36; and Azzawi [1], 179-184. 


. On al-Süfi see Suter [1], no. 447 and Kennedy [1], no. 37. 1 have examined the tables in 


MS Princeton Yahuda 3262, a work entitled Sullam al-manára, in which the equation 
is tabulated as a function of 2n and y for each 6° interval of 2n and each 1° of y. 

Cf. Kennedy [1], no. 11. 

I have examined MS Yale 1475, an edition of the tables attributed to Sulayman b. 
Hamza b. Bakhshish. MSS Cairo Dar al-Kutub, miqat 25M and 26M contain only the 
lunar tables. The Zij al-shams wa-l-qamar attributed to Ibn al-Majdi (MS Cairo Dar 
al-Kutub, miqdt 44M; cf. Kennedy [I], no. 36) contains only tables from the Durr al- 
yatim. See also notes 30 and 31 below. 

Cf. Kennedy [1], no. 12. 

On al-Salihi see Suter [1], no. 454. I have examined the lunar tables in MS Princeton 
Yahuda 4402, in which the equation is tabulated for each 2° of 2n and each 1° of y, and 
MS Cairo Azhar falak 4386, in which the planetary equations are tabulated for each 
6? of apogee distance and each 1? of mean anomaly. Both sets are part of a work en- 
titled al-Tirdz al-mu*lam fi tashil al-muhkam, which may be identical with the work al- 
Durr al-nazim listed by Suter. See also note 21 below. 

Two sets of tables even larger than those of al-Salihi are the following. Firstly, the 
tables of Najm al-Din al-Misri giving the time since rising for any latitude as a function 
of solar or stellar altitude: these are extant in MSS Cairo Där al-Kutub miqat 132M 
and Oxford Bodleian Marsh 672 and contain over 250,000 entries. Secondly, the ano- 
nymous sexagesimal multiplication table extant in MS Paris Bibliothéque Nationale 
ar. 2552: this contains 216,000 entries. 
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On the Hákimi Zij see Caussin [1], and King (1], currently being revised for publication. 
A detailed analysis of the Very Useful Tables is contained in King [2]. 

Cf. Kennedy [1], no. 57 (this Zij is not Egyptian) and King [1], 46-47. 

On al- Maqdisi see Suter [1], no. 383. In a paper currently in preparation I discuss the 
various editions of the Very Useful Tables, as well and describe all known medieval 
tables for regulating the times of Muslim prayer. 

I have not been able to consult the actual manuscript, but have used a microfilm of it 
available from the Arab League, Institute of Arabic Manuscripts, Cairo. Cf. Kunitzsch 
[1], 21 for a brief description. 

Only tables for arguments Is! ° to 2513? are found in this source (fols. 37r ff.). The first 
part of the manuscript (fols. 1v-36v), which is in a different hand, consists of Ibn Yünus' 
solar azimuth tables. Cf. King (2], Section 3.3 for an analysis of these. 

On which see Irani [1]. 

MS Oxford Bodleian Nic. 238,6, which I have not consulted, contains lunar equation 
tables due to al-Salihi of Damascus entitled Muhkam al-qamar and Habtagq al-qamar. 
MS Cairo Dar al-Kutub, miqat 92 is entitled Zij al-habtaq fi l-Camal bi-l-shams wat 
qamar Sold ugül al-rasad al-jadid and contains an extract from a habfagq table, possibly 
al-Salihi’s, based on the parameters of Ulugh Beg. 

W. Hartner has noted the use of the term hibtaq in the text and tables contained in al- 
Dimyáti's commentary on al-Kawm al-Rishi's recension of the Zij of Ibn al-Shátir. Cf. 
Hartner-Ruska DL 55-56/208-209. There are no Aabfaq tables in the manuscripts of 
al-Kawm al-Rishi's work a/-Lum*a which Í have examined. On this author see Suter 
[1], no. 428. 


. Cf. Pingree [1], 143-144 and 150. I owe these references to O. Neugebauer and D. Pin- 


gree. 


. Cf. Kennedy [1], no. 6. 
. In the Hakimi Zij there are mean motion tables for the period from the Hijra epoch 


(622 A.D.) to 2700 Hijra (3240 A.D.). 


. On Islamic material in Byzantine sources see, for example, Neugebauer [2], Pingree DL 


and Kunitzsch [2]. 


. In Chapter 56 of the Hakimi Zij the new value of r is mentioned but Ibn Yünus uses 


Ptolemy's value of s (e.g., MS Paris Bibliothéque Nationale ar. 2496, fols. 61v-62r). 
The new value of s is deduced from the tables in the Hakimi Zij, and is also attributed 
to Ibn Yünus in an anonymous Yemeni Zij (MS Paris Bibliothéque Nationale ar. 2523, 
fol. 37v). 

Cf. Kennedy - Salam [1], 495-496. 

Cf. Kennedy [I], no. 47; King [1], 44-45; and Wiedemann [1], 189/266. 

A. grant for computer time from the Yale University Department of Near Eastern 
Languages and Literatures is gratefully acknowledged. 

The work bears no title, but its contents correspond to those of a work bearing this 
title and extant as MS Jakarta 624, described in van Ronkel [1], 372-373. I have not been 
able to consult MS Cairo Dar al-Kutub, miqát 131, of Ibn al-Majdi's work. 

In discussing another method of computing the lunar position (fol. 85r of the Paris 
manuscript), Ibn al- Majdi refers to some lunar tables computed by an individual named 
Hasan Shah al-Baghdádi. He states that these had been originally computed up to 813 
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Hijra (= 1410 A.D.), and someone else had added extra entries to bring the tables up 
to date. Ibn al-Majdi's opinion of these tables was that they should be used as fly-leaves. 
After spending some time trying to understand how the tables had been put together he 
decided to compute some of the same kind using the parameters of Ibn Yünus, to be 
in accordance with the Mustalah Zij. Elsewhere in his treatise (fol. 95v) Ibn al-Majdi 
states that he also computed equation tables for the sun, moon, and planets using the 
parameters of Ibn al-Shatir. These equation tables of Ibn al-Majdi are of the kind con- 
tained in his work al- Durr al-yatim (see note 12 above), and do not concern the present 
study. 
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Ibn al-Majdi's Tables for Calculating Ephemerides 


Davip A. Kinc* ع‎ E. S. Kennepy** 


1. Introduction 


This study describes a category of late medievel astronomical tables hith- 
erto neglected by historians of science. These tables, however, were preceded 
by a group of related works applied to the sun and moon only, which has 
received attention in the literature, in item [7] in the bibliography which 
follows this paper. The anonymous originator of the lunar tables of [7] made 
use of an ancient Babylonian period relation to work out a technique for ob- 
taining quickly a set of true longitudes of the moon. Presumably the lunar 
tables were known to the later Egyptian astronomer Ibn al-Majdi, who seems 
to have applied the same basic notion to the calculation of planetary positions 
also. The resulting corpus of manuscripts provides still another example of 
how the scientists of medieval Islam continually sought, without tampering 
with the underlying Ptolemaic abstract models, to ease the computations of 
the practising astronomer-astrologer. The general trend is amply illustrated 
in such papers as [10], [17], [5], [11], and [15]. 

Shihab al-Din Abu’l-‘Abbas Ahmad b. Rajab b. Tibughà, known as Ibn 
al-Majdi, was the leading astronomer of Cairo in the early fifteenth century 
(see [16], no. 432; [2], II, pp. 158-159 and SII, pp. 158-159; and [1], pp. 
179-184). He was born in 761/1365 and died in 850/1447, and according to 
his biographers, excelled in Islamic law, inheritance theory, and the Arabic 
language, as well as in arithmetic, geometry, astronomy, and timekeeping. 
He belonged to the generation of astronomers following that of Ibn al-Shatir 
and al-Khalili of Damascus (on whom see the articles in [3]) and preceding 
that of Ibn Abi'l-Fath al-Süfi and Sibt al-Màridini of Cairo (on whom see [16], 
nos. 445 and 447), so that he and a few less well-known contemporaries repre- 
sent the end of serious and productive activity in astronomy in medieval 
Egypt. 

Ibn al-Majdi compiled over thirty works relating to astronomy and mathe- 
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matics. Most of these are short treatises on instruments, in particular, quad- 
rants and sundials, the best known of which was a treatise on the almucantar 
quadrant in ten sections. His mathematical works include a commentary on 
the arithmetical work called al-Talkhis by the earlier Moroccan scholar Ibn 
al-Banna’ and a treatise Kashf al-haqa'iq on sexagesimal arithmetic. More 
substantial works are his treatises entitled Ghunyat al-fahim and al-Jami‘ 
al-mufid; these have never been studied in modern times. The most interesting 
of his known astronomical works is his planetary tables entitled al-Durr al- 
yatim, “The Unique Pearl". These form the subject of the present paper. 

Considerable confusion obscures our understanding of Ibn al-Majdi's 
contribution to these tables. The manuscript sources do not explicitly state 
the authorship of a corpus of tables for the sun, moon, and planets, based 
one the method of al-Durr al-yatim, but we have the distinct impression that 
Ibn al-Majdi himself was responsible only for the tables for the sun and moon. 
He laid down the numerical bases for calculating similar tables for the planets, 
but, as we shall show, such tables were compiled by later astronomers. 

Ibn al-Majdi’s solar and lunar tables and the planetary tables which were 
devised along the same lines are not the standard Ptolemaic variety displaying 
mean motions and equations (on which see [6], pp. 141-142), nor the specfically 
Islamic development of these in the form of fabfag equation tables in which 
one enters arguments that can be derived directly from the mean motion tables 
(see [11], pp. 130-131). Rather Ibn al-Majdi’s tables are auxiliary tables for 
compiling ephemerides, that is, tables displaying solar, lunar, and planetary 
positions for each day of the year. As remarked above, the only known earlier 
example of such auxiliary tables is [7]. which probably originated in twelfth 
century Iran. We suspect, but cannot prove, the existence of a continuous 
tradition of this category of tables reaching into fifteenth century Egypt. What 
is more certain is that Ibn al-Majdi’s tables were used extensively in Egypt 
until the nineteenth century. 

Section 2 below describes the principle which is common to this particular 
technique for all the planets, and for the moon. The succeeding three sections 
deal in detail with the three categories of tables needed to apply the technique 
to the planets. À table is presented comparing spot entries from the tables with 
results obtained by standard Ptolemaic computations. The lunar tables having 
previously been described in detail (in (7]), Section 6 suffices for the moon. 
Here also spot checks are presented. 

All of the tables contain columns for determining the day of the week (Ar. 
madkhal, Lat. signum) for which a longitude is being calculated. We omit all 
discussion of these as being irrelevant to the main topic. | 

Thesolar modelis essentially simpler than those of the moon and the planets 
Hence the tables used by Ibn al-Majdi and his followers for calculating runs 
of solar longtitudes are constructed differently from those for the planets. 
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These are described in Sections 7 and 8, and their application in Section 9. 

The general theory and structure of the tables having been dealt with, 
Section 10 lists the manuscript sources in which they have been found. These 
are numerous, and by no means have all of them been investigated by us in 
detail. Section 11 discusses certain of the sources and relations between them, 
and makes concluding remarks about the whole corpus, its duration and 
influence. 


2. The Basic Principle of the Planetary Tables 

Suppose that tables of the Almagest (or Handy Tables) type are available, 
and it is desired to calculate the true longitude of a particular planet at a given 
instant. The result will be 

Az A + 8, 

the algebraic sum of the mean longitude and the **equation", where 
( c,( Y), cs > 0, 
l e Y) وه‎ > 0, 
and y'= y cya), a = a — c(a). 


(1) 8 = —c'Y(«) + eg(y’) + cla’) - 


The functions denoted by ce are given by columns of entries in the equation 
tables, the subscripts indicating the order in which the columns appear. The 
notation used here has been slightly modified from that adopted in [13]. 
pp. 191-207. For a complete exposition of the underlying theory and practise, 
the reader is referred to [14], pp. 145-189. 

The variables y, a (the “center”, the mean longitude measured from apogee), 
and y (the argument of the epicyclic anomaly) are linear functions of time. For 
the instant in question each can be calculated by adding appropriate entries 
from the mean motion tables in the set at hand. 

The c functions, on the other hand, are basically trigonometric, hence 
periodic, and their combination to form à is tedious and involved, demanding 
interpolation and a proper choice of signs. An individual who wishes to compute 
a set of planetary positions on successive noons at, say, ten-day intervals, 
must repeat the entire process from scratch for each individual noon. 

These difficulties are obviated for the user of the Ibn al-Majdi tables by 
exploiting the following facts. For each planet a large period can be found 
consisting of an integer number of days which measures, with considerable 
accuracy, an integer number of the planet's anomalistic periods. Choose a 
day on which the anomalistic argument, y, is small. Then consider the set 
of days separated from the chosen one by integer multiples of the big period. 
These are indicated schematically on Figure 1 by asterisks. On each of these 
days also y will be small, by virtue of the existence of the period. 

Subdivide the large period into smaller intervals marked by the set of noons, 
in the twenty-four hours preceding each of which y shall have passed through 
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3609. That is, each of the subdivisions between successive asterisks on the 
figure marks the first noon in a new anomalistic period. The change in y be- 
tween any such subdivision and the preceding asterisk cannot exceed the 
anomalistic motion in one day. Hence, because of the original positioning of 
the asterisks, the value of y at all the subdivisions will be small. 

Three sets of tables were calculated: 

1. A days table to enable the user to convert a day given by a Hijra date 
into a number, d, the days elapsed since the Hijra epoch. 

2. À mean motions table in two parts for each planet. The first part gives, 
for an appropriate span of time, the values of d at each of the noons represented 
by asterisks in Figure l, together with corresponding values of the mean 
longitude, anomaly, and center. The second gives, for each subdivision within 
pairs of asterisks, the changes in d and the three variables named above. 

3. A AX table for each planet, giving the increment in longitude to be 
added to the mean longitude at the beginning of a particular period in order 
to convert it into true longitudes for a run of days thereafter. In principle 
there are three independent variables: (1) days elapsed within the period, 
(2) the values of the center, z, at the beginning of the period, and (3) the 
anomaly, y, at the same time. By uirtue of the choice of asterisks, however, 
the possibilities for y are very restricted, confined usually to two possibilities, 
0° and 1°. For want of a better name we call this third variety of tables, **in- 
crement"' tables. Note that the term “equation” would be inappropriate, since 
any particular A entry in such a table has two components, one being the 
planet's equation, the other the increase in mean longitude during the particu- 
lar run of days. 

Details are given below. What has been stated thus far makes it clear that 
the burden of computation has been shifted from the ephemeris maker to the 
calculator of the AA tables. Once having determined a set of mean positions 
by a process resembling the traditional one, the user need only add a set of 
tabular entries to the mean longitude to produce a run of true longitudes for 
equally spaced intervals. 


3. The Days Table 


As stated above, one table is applied to determinations for all the planets. 
Its full title is Jadwal ayyám al-masir li’l-kawakib, “The Days Travel Table 
for the Planets". Given a Hijra date, the table provides the sexagesimally- 
expressed number of days elapsed from the Hijra epoch to the date in question. 

There are two sections, one for “summed” (majmi‘a) years, the second 
for “extended” (mabsita) years. The argument for the summed section consists 
of the set 

30(k + n), n = و0‎ l, و2‎ ...,r, 
where k and r are suitable natural numbers to cover, at intervals of the thirty- 
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year Hijra cycle, the span of possible application of the table. The entries are 
the number of days elapsed from epoch until the beginning of the calendar 
year of the argument entry. 

The extended section gives the number of days in 1.2, 3, ..., 30 Hijra years, 
and in the successive months of the year, ending with 5,54 (= 354) for the 
twelfth month of a sound year and 5,55 for a leap year. 

The method of using the table is evident. For a given date, obtain three 
entries: (1) in the summed section, that opposite the largest argument which 
is less than or equal to the given year; (2) in the extended section, that opposite 
the excess of the given year over the entry just chosen; and (3) that opposite 
the month named in the given date. To the sum of these three entries add the 
days elapsed of the month given in the date. The resulting sum, d, is the days 
elapsed since the Hijra epoch. 


4. The Planetary Mean Motion Tables 


For each planet there are, as usual, two sections. The first, the “extended” 
one (Ar. mabsiia), gives the number of days from the Hijra epoch to the initial 
day of each big period tabulated. Opposite each day entry are the correspond- 
ing noon positions of mean, anomaly, and center. The second, the *summed" 
one (majmi‘a) gives the number of days elapsed from the beginning of the 
big period to the first day of the successive anomalistic periods. The three 
entries opposite each day number show the changes in the mean, anomaly, 
and center during the particular number of anomalistic periods. Entries are 
to seconds of arc, except for Saturn, Jupiter, and Mercury, for which the center 
has been carried to minutes only. Plate 1 displays two pages from such a table, 
but for the moon. 


The table below shows the lengths of the two periods for each planet. 


the long period length of the 
l d number of anomalistic period 
ays anomalistic periods in days 


Saturn 6,49,36 6,18 or 6,19 
Jupiter 2,52,51 6,38 or 6,39 
Mars 3,21,59 12,59 or 13,0 
Venus 2,6,31 9,43 or 9,44 


Mercury 1,50,5 . 1,55 or 1,56 


The manner of using the mean motion tables is described herewith, the 
various steps being illustrated schematically on Figure 1. 
Having obtained d from the days table, enter the extended table for the 
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Plate 1. An extract from the majmü^a and mabsiita tables for the moon in MS A (unfoliated). 
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planet in question and from the column of days obtain d,, it being the largest 
entry in the column such that d, < d. Note down the triple of centries on the 
same line as d,, 
Mi, Yis %1 ° 
This process locates that one of the big periods in which d lies, and the 
mean longitude, anomaly, and center at that time. 
Now put Aid = d — di. This measures how far d enters into the big 
period. 
Turn to the summed table, and find d,, the largest argument such that 
d, < Ad. This locates the initial point of the anomalistic period in which 
d lies. Opposite d, take the corresponding triple 
Am, AY, AQ, 


being the amount of change in the three variables in d, days. 

Calculate Ad = Aid — d,. This is the number of days by which d has 
entered the anomalistic period. 

Then 

m, = m+ Am, Y = qvi AY, “%,= atA, 

are the mean longitude, anomaly, and center on the initial noon of the anoma- 
listic period in which d lies. Since each element of the triple can be thought 
of as a point on a circle, it should be regarded as the residue, modulo 360, 
of the three defining sums above. 


5. The Planetary Increment Tables 


The arguments for entering the Ay table are بيه‎ y,, and A;d, calculated 
as described just above. In fact the user of the tables will have to content 
himself with approximations to these numbers, for the domain of «, in the 
tables for all the planets is 0°, 6°, 12, ..., 3549; that of y, is 0°, 1° for all the 
planets except Mercury, which has 0o, 1°, 2o, 3». The domain of A,d is 10, 
20, 30, ..., p, where p is the anomalistic period of the planet in days. This holds 
for all the planets except Mercury, where the set is 5, 10, 15, ..., p 


The entries, calculated to minutes of arc, are 
the algebraic sum of the mean motion in A,d days, and 3, the equation on 
day d, calculated by means of the expressions marked (1) in Section 2 above. 
The values of the two independent variables upon which 93. depends are 

Y ع‎ Yat AT, 

and & = x, + Aid: > 
A dot over a variable denotes the variable's rate of change in degrees per 
day. 
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So the true longitude on day d (or on the day nearest d in the table) is 
A = m. + AA. 

The format of the increment tables is such that on each page the 
column of A,d's runs down the right edge of the table. Hence, once the 
user has found the proper A^ for a particular day, the A^ for ten days later 
will be immediately below the one just found, and so on. This is particularly 
handy for the calculation of ephemerides. Plate 2 is an ecxerpt from an in- 
crement table, but for the moon. 

An HP-67 calculator was programmed to compute the 3, thence AA, 
corresponding to given values of the arguments after the parameters for a 
particular planet had been keyed into the machine. The results for two sets 
of values for each planet are shown in the table below, together with the cor- 
responding entries in the Aà table of Source H (described in Section 10 below). 
The agreement between text and calculation is not perfect, but it is close 
enough to demonstrate that our analysis is valid. 


SPOT CHECK OF A PLANETARY INCREMENT TABLE 


(Text values from Source H) 
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6. The Lunar Tables 


The principles applied in the planetary tables are used also for the moon, 
the double elongation, 27, replacing «, the center. À detailed description hav- 
ing already appeared in [7], a few remarks here will suffice. The long period 
is now 50,31 days — 1,50 anomalistic months, each of the latter running to 
twenty-eight and a fraction days. For the lunar increment table the domain is 

13:509 19, 2*5 u 135 
2n = 0°, 6°, 12°, ..., 354°, 
Ad = و1‎ 2, 3, ..., 28. 

The daily motion of y is of the order of thirteen degrees. The initial points 
of the long periods have been so chosen that at them y is small. Hence at the 
initial points of the short intervals, noons of days in which successive anoma- 
listic months commence, Y will never be as high as fourteen degrees (see Plate 2). 

Just as in the preceding section, values of AA were calculated for spot 
combinations of the arguments and compared with corresponding tabular 
entries found, this time in two sources. The results are displayed in the table 
which follows. Correspondence between text and calculation is quite good. 


Bodleian Arabic MS Marsh 374 is the source used for [7]. 


SPOT CHECK OF TWO LUNAR INCREMENT TABLES 


08 11;509 
5:24 
0;8 ١ 


8;39 0;0 
19:46 0;0 
11;33 —0;3 

5301 


O A c Oo» O A 


28;59 


VI 
VI 


58 , 
IBN AL-MAJDI'S TABLES 99 


1. The Solar Mean Motion Table 


Le joe] — K ATE TY Ad ERASE EER , : *£ E The sun has only one “equation” instead of the two for the planets and the 
mv Ses a N= E NAA aA مه‎ moon. Hence the solar tables are set up somewhat differently from the others, 
Hi EE i3 y> ` E Pera dx LN ST ASS and require a separate explanation. The mean motion table is in two sections 
SS a OS OS S IS SS سو‎ EERE of three columns each (disregarding columns for the madkhal), the entries 
SE eed a | FREE RUE ya being: (1) integer days, the argument of the table, (2) solar mean positions or 
SE EE 21 aA 5 3 iind š 13 E motions, and (3) the argument of the solar anomaly. All are in sexagesimals, 
" KES a T 1132 3 SJ, AN 3 or zodiacal signs and degrees, the mean and anomaly being to seconds of arc. 
آله‎ HESE E 23 م‎ x à Again one section is called “summed”, the other “extended”. For the former, 
eR" RN EN 33 3° = $4 WV) 42 VRAGEN SAS the first entry in the first column is to be regarded as the number of days passed 
"Am 313 SERRE DE e. i Reese wa since epoch, hence it corresponds to a specific date. Successive entries in the 
: iy 5 5335 » 24 yah Lisa 155 5 5-3 ix | days column may be found by additions of 3,33,4 days = 35 “Julian” years 
(09 Mam "STER ae D$ 0 ل‎ LETI) of 3651 days, each rounded off to the nearest integer. Corresponding entries 
ge ` Zu PER 2 >a T 5 SEN 3 ACE Sj in the mean and anomaly columns give the positions of the mean sun and its 
er. rr ewer ya a RER ae ewe Sy SS anomaly at the successive thirty-five year increments indicated. The reason 
Eu A ocu m beat de a, I ` STA. for the choice of this particular interval seems to be that the anomalistic mo- 
Q s e EE us Pn o. : iX déi tion during this time is very nearly an integer number of revolutions, successive 
= M kN =a. A ues sa NM positions differing from each other by only 0;0,429. Furthermore the initial 
EE BESTEN i) date has been so chosen that the first entry for the anomalistic argument is 
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small. 
The extended section of the table has in the first column the number of 
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Plate 2. An extract from the increment tables for the moon in MS À (unfoliated). 


pa = : days in 1,2,3,...35 Julian years, commencing with a leap year and inserting 
< | ARE IT CATT SIRES TTA RTE SEE ا‎ s in 1,2,3,... 1 ١ 
d GEN م‎ EUR. SI n SE ka M 1 M ta Tua 1 See به له‎ m additional such every fourth thereafter. The second column gives the amount 
"OE ; CANET : E -—: |t Me CN S H A : ; 1 
| g. T = SS U IPT Ru Ww ucc d u VA A NT jud e e of mean solar motion in these times. The third column does the same for the 
— Ge uas qu Leer dl لدي‎ TS T: um Ee 5 Dh ` . j: 
She هس نأا‎ SUD vae A TIVE WV ER Eeer e e isti Gage ; 
dodo 031 8 3523 3334 335535) REE = q m anomalistic motion. The latter is very near but slightly less than a degree per 
dr T m 3 x 4 COE E NEU 5 CD ease Som day. Furthermore, the duration of the motion for all entries differs from an 
h -æ ` i — i S MEN 1 E" . . 
` 7724 PCM AW su E d he a aS aw ee = = integer number of years by less than a day. This insures that all entries in the 
DU WA id D a ai indi + = R 1 . . 
M a NE UNAS A 329 NGA ALT N N EN ويم‎ " third column are less than unity. 
A SQ 3113253223 EK ىاد‎ 75 wA 3z WwWastq ' 
—- AS asy. 0.432351. 338343 5 
ln S333 1 ۹ AWAY 333134 TITAS 355 S NI Zu ١ 8. The Solar Increment Table 
ie ok KZ E dm Ze déch PER E - : eB 1 2 1 . ne 8 
* A (4 BEZE 2443 $345 x TEREE ES This is called Jadwal taS¿dil al-shams, “Table of the Solar Equations". 
— Á a WV — M Se X A JY 4 37 ATON yA: CH g . - ye e 
20 NaS GRAAL A 3444223 Y l3 SAS viet 3 7 It has two independent arguments. One, called the fadil al-ayydm, “excesses 
WEEK AE 1 33238 ANNA 33113 V of days", is the set 10, 20, 30, ... , 6,10 (= 370). It takes up the first column of 
U "ai i eq S E 23. a4 dy vu MÀ A ع‎ each page on which the table occurs. The first argument spans a year at ten- 
د‎ —— — MU 2 4 3 i x A: 3 y = a wad oy) : 
3 2435534 D E. S TENE EI EERIE — y 2a day intervals. 
4 31 mb 4 AP Bt? 3 SA 13 Sen os 3^. The second arguments is the set 0;0, 0;3, 0;6, 0;9, ..., 1;0. It is not named 
Fé "3 a س‎ m Eé Me 1 s Ee? 
Ges d353 cu icu l 4 ^. لال‎ 3 4 aa? m in the table, but, as becomes evident from texts and examples, it is a range 
1 8 e be H ^ - S A . D 
1 d s =; =a A KE A AG 3m a KK -* a 4 N 5 of values of the solar anomalistic argument, y. 
b ` - ۰ a; p? ^ QW A ) i . . . . . . 
j Aa} > 3 ge KE NS ERMINE. 44 3. wei 3 x St 3 ; As for the function tabulated, it is explained herewith by use of Figure 
POM 3 MSY SVS pee Se a OSU 7) qo ae : , 
[8.380 9 هده‎ Ae 3 AAAS HIN IAT. 1 2. The solar true longitude is 
2 ji 1 M om^ S À = À + e 7 


where à is the mean longitude, a linear function of time, and e is the solar 
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equation, the sinusoidal function of small amplitude hugging the horizontal 
axis on Figure 2. eis periodic with a period of a year. More precisely, its period 
is the time required for the solar anomalistic argument to run through a com- 
plete revolution. So the true longitude function consists of an ascending straight 
line upon which a series of identical ripples has been imposed. Since the motion 
takes place on a circle, perhaps it is better to think of the curve as dropping 
to the horizontal axis every time it reaches 360?, but this is not shown on the 
figure. 


(not to scale) 


the solar true 
longitude 


a calender yeor —————4‏ تت د مم 


Figure 2 


Consider an instant when the sun passes through its apogee. The Ptolemaic 
model has been so set up that at this time y = 0 and À = A = m, say. Then 
the entries down the first column of the equations table (for 4 — 0) are repre- 
sented by the set of dotted vertical segments rising from the horizontal line 
of height m; and terminated by the equation curve. That is, the entries are 


e, + n-X ;‏ = رود 
n = 10, 20, 30, ..., 6,10,‏ 
where e, is the value of the solar equation n days after passing the apogee,‏ 
and 2 is the rate of increase of à in degrees per day.‏ 


The validity of the above assertion was demonstrated by calculating the 
solar mean motion in 10, 20, 30, ..., 6,10, days and subtracting the results from 
corresponding entries in the first column of the table. The results, when plotted 
in Figure 3 exhibited the characteristic form of an equation curve. 


The above has to do with the entries in the first column of the equations 
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table, when y = 0. For the last column of the same table y = 1°. Then the same 
process as described in the paragraph above was carried through for the ele- 
ments of this column also. That is, the solar mean travel in intervals often days 
was subtracted from the successive entries. The set of remainders should plot 
as an equation curve congruent with that of Figure 2, but displaced to the 
left by a small amount as indicated in Figure 1. More precisely, the sun will 
already have passed the apogee by a degree at day zero. Since the mean and 
the anomaly advance at about a degree per day the horizontal displacement 
between the two curves should be very nearly a day. 

This notion was verified by calculating the horizontal intercept of each 
of the two equation curves between Ad = 6,0 and Ad = 6,10. Since the curves 
in this neighborhood are very nearly flat, linear interpolation can be used 
with very little sacrifice of precision. For the y = 0 curve it yielded an intercept 
at 6,5;14; for y = 1° at 6,4;14. 

As a final test, the differences between corresponding entries in the two 
end columns were calculated. Since for each pair the differences in the respec- 
tive y’s are precisely one degree, the results should be approximately equal 
to the set of first differences obtained from a solar equation table where the 
tabular difference is one degree. Such a table is found in the zij of Ibn Yünus 
(see the entry in [3]). First differences were calculated from it for arguments 
near those of the differences between column elements. In general, cor- 
responding results were identical to seconds of arc. 

The method of calculating the end columns in the equations table having 
been established, it remains to do the same for all the columns in between, 
i.e, for y = 0;3^, 0;6°, 0;9?, ..., 0;57°. 

For several fixed and widely separated values of Ad, plots were made 
of the equations table entries for the range y = 0, 0;3°, 0;6°, ..., 1:0". In all 
cases the resulting graphs are straight lines. That is, entries along rows were 
filled in by linear interpolation between the endpoints. This is reasonable, 
since the solar longitude function has little curvature anywhere, and the total 
variation along rows of the table is only a degree. 


9. Use of the Solar Tables 


Having worked out the structure of the tables, their manner of application 
is reasonably evident. Suppose a solar ephemeris is desired, at ten day intervals 
commencing from a given Hijra date. Use the days table as described in Sec- 
tion 3 above to obtain d, the number of days from epoch to the date in question. 

Now turn to the Solar mean motion table and, as described in Section. 4, 
determine d, from the extended table, and the corresponding couple 


Mis Y1 ° 
These are respectively the solar mean longitude and anomaly at the begin- 
ning of the 35-year “Julian” cycle in which the given date falls. 
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Put A,d = d — d,, and from the summed section of the table determine 
d,, thence a second couple 
Am, Ay و‎ 
analogously to the procedure of Section 4. These two numbers are respectively 
the change in the mean and in the anomalistic argument from the beginning 
of the 35-year cycle to the first day of the “Julian” year in which the given 
date falls. 


Calculate a third couple 


m; = m, + Am, Ya = Yi + Avi 
This consists of the mean longitude and the value of the anomalistic argument 
on the first day of the table year. Note that by virtue of the choice of epoch 
for the mean motion tables and the property of the 35-year cycle, the condition 
0;09 € + < 1;0? should always hold. 

Calculate A;d = A,d — d,, the number of days from the beginning of 
the table year to the given date. If A;d is divisible by ten it will appear among 
the “excesses of days" arguments of the equations table. Otherwise choose 
the day argument nearest A;d. For the other argument, the anomaly, choose 
the table argument nearest .ينا‎ Find the entry in the table corresponding to 
these two arguments, and call it A^. 

Then 
À, = m, + A 

will be the solar true longitude for the first day of the ephemeris, 
À, = m, + AX 

for ten days later, where A2, is the entry under Aix, and so on. 


10. The Sources 


Virtually all the manuscript material relating to the tradition of al-Durr 
al-yatim is preserved in the Egyptian National Library (Dar al-Kutub) in 
Cairo, and information on all of these manuscripts is contained in the forth- 
coming catalog of the Cairo scientific manuscripts by the first author. Our 
knowledge of the tradition is impaired by the fact that most copies of the 
tables are anonymous or defective or both. The following manuscripts are the 
oldest and most reliable sources and will be hereafter referred to by the appro- 
priate sigla. 


A: MS Cairo Dar al-Kutub miqat 405 (39 fols., copied ca. 850/1450). 


This is the best available copy of the solar and lunar tables, transcribed 
in the elegant hand of “Alî b. Hasan al-Bahtiti. Unfortunately the title folio, and with 
it the first two sets of solar tables, is missing. The latter have been added in a later inele- 
gant hand. 


B and C: MSS Cairo Där al-Kutub miqat M 85,1 (fols. lr-2v, ca. 850/1450) 
and miqat M 44,2 (fols. 22r-27v, ca. 850/1450). 
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These contain respectively the solar and lunar tables, copied in the distinctive 
hand of “Ali b. Muhammad al-Dalámi. There is no original title on the first manuscript. 
The second manuscript contains a hodge-podge of fragments from later copies of the 
corpus. 


D: MS Cairo Dar al-Kutub miqat 391 (41 fols., ca. 1000/1600) 


This is a complete copy of the solar and lunar tables in a clear hand. The 
title folio displays the title Kitab al-Durr al-yatim fi san‘at al-taqwim and identifies the 
author as Ibn al-Majdi. He is specifically mentioned in most of the tables as the calculator. 
There are additional tables of the majmü^a of the moon (fols. 1v-2r), specifically attributed 
to Nir al-Din al-Naqqàsh and “Izz al-Din al-Wafa’i. 


E: MS Cairo Dar al-Kutub miqat M 25 (30 fols., ca. 825/425) 


This is a complete set of lunar ‘‘increment’’ tables in a clear and elegant 
hand, with a note on the first page of tables: ‘‘these are the equations of the moon based 
on the parameters of Ibn Yunüs computed by Ibn al-Majdi, and they are in the hand 
of “Abd al-*Aziz al-Wafà'i..."* 


F: MS Cairo Dar al-Kutub miqat M 26 (30 fols., ca. 850/1446) 


Another complete set of lunar increment tables, in a clear and elegant hand. 


G: MS Cairo Dar al-Kutub miqat 681,8 (fols. 31r-43r, ca. 850/1450) 


A set of majmü^a, mabsuta, and increment tables for Venus, in a clear and elegant 
hand. There is no indication of any compiler. 


H: MS Yale Nemoy 1453 (90 fols., 1253/1837-38) 


A treatise on the use of the tables of al-Durr al-yatim entitled Tirdz al-ghurar fi 
hall al-durar and compiled by an Egyptian astronomer named Sulayman b. Hamza b. 
Bakhshish (? or Hashish; either variant seems impprobable). This particular copy, unlike 
the others of the Tiráz al-ghurar that we have examined (e.g., MSS Cairo Dar al-Kutub 
miqát 791 (9 fols., 1072H) and majámi* 323, 6A (fols. 33v-34r, ca. 1250H), contains an 
extensive set of tables. See further Section 11 below. 


I: MS Cairo Tal*at miqát 82 (37 fols., 870/1465-66) 


À copy of the treatise by Ibn al-Majdi on the compilation of ephemerides called 
Ghunyat al-fahim. 


J: MS Cairo K8524 (68 fols., ca. 1000/1600) 


À copy of the treatise by Ibn al-Majdi on the compilation of ephemerides called 
Kitab al-Tashil wa'l-tagrib. 


K: MS Cairo Tal‘at miqat 113,1 (fols. 1r-128r, 1053/1643-44) 


À set of tables based on the method of al-Durr al-yatim serving the sun, moon, and 
planets. The various tables are here attributed to their compilers; see Section 11 below. 


L: MS Cairo Halim miqat 16,2 (fols. 33v-37v, ca. 1100/1690) 


À treatise on the compilation of an ephemeris for Mercury using tables in the tradi- 
tion of al-Durr al-yatim. The author is Shihab al-Din Ahmad al-Kutubi al-Khurfani. 


M: MS Cairo Taymür riyäda 188 (822 pp.! ca. 1000/1600) 


Ridwan Efendi’s own copy of his solar, lunar, and planetary tables based on the 
method of al-Durr al-yatim and entitled al-Durr al-nazim or al-Durr al-farid. 
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N: MS Cairo Mustafa Fadil miqat 83 (259 fols., ca. 1250/1835) 
A later copy of Ridwàn Efendi’s tables in MS M. 


P: MS Cairo Dar al-Kutub miqat 802 (723 fols. !, ca. 1000/1600) 


Ridwan Efendi's own copy of his revised version of the auxiliary tables for the planets, 
entitled Kitab Asnd al-mawáhib fi taqwim al-kawákib. 
Q: MS Cairo Mustafa Fadil miqat 133 (90 fols., ca. 1150/1735) 
Ramadan al-Khawaniki’s own copy of his auxiliary tables for the moon, after the 
model of Ridwan’s tables in MS P. 


R: MS Cairo Tal‘at miqat 113 (138 fols., 1053/1643-44) 


This manuscript contains a complete set of solar, lunar and planetary tables based 
on the method of al-Durr al-yatim. It bears the spurious title Tashil zij durr al-yatim li- 
Majriti [1] bi [sic]-tzl Misr al-Mu‘izziya. Most of the majmi‘a and mabsita tables are 
attributed (see below). 


S: MS Cairo Dar al-Kutub miqat 504,3 (fols. 10v-14r, ca. 1193/1779) 


An anonymous set of ephemerides for the year 1194 Hijra, apparently computed 
using the tables of al-Durr al-yatim. 
T: MS Cairo Dar al-Kutub miqat 878 (25 fols. , ca. 1250H), plus two fragments 
numbered 40 and 627. 


This is a set of auxiliary tables for computing solar longitudes, compiled by an Egyp- 
tian astronomer named Abii’l-Fath b. “Abd al-Rahmáàn al-Danüshiri, 


U: MS Cairo Dar al-Kutub miqat 109.3 (fols 33v-39r, ca. 1200H). 


Compiled by an anonymous Syrian astronomer, this is another set of solar tables. 


11. Discussion of the Sources 


The popularity of Ibn al-Majdi’s tables in later Egypt is proven by the 
relatively large number of copies of these tables in various recensions, and of 
commentaries on the use of the tables by most of the more celebrated of later 
Egyptian astronomers. 

Modifications were made to the solar and lunar tables already in the fif- 
teenth century ‘Izz al-Din al-Wafa’i and Nir al-Din ‘Ali al-Naqqàsh, and 
the planetary tables (as in MS H) appear to date from about the year 1600 
although the existence of a set of tables for Venus copied ca. 1450 (as in MS 
G) established that tables for the planets were also produced prior to 1600. 

Commentaries on the use of the tables were written by Ibn al-Majdi himself, 
*Izz al-Din al-Wafa’i, Ibn Abi l-Fath al-Süfi, Hasan b. Khalil al-Karádisi, 
Shihab al-Din Ahmad al-Kutubi al-Khurfani (?), Sulayman b. Hamza b. 
Bakhshish, Shihab al-Din Ahmad b. Müsà, Yahya b. Muhammad al-Khattàb, 
and *Uthmáàn b. Salih al-Wardàni as late as ca. 1800. 

The earliest copy of planetary tables based on the method of al-Durr 
al-yatim is MS G, copied ca. 850/1450. This contains both majmi‘a and mab- 
süta tables and a set of increment tables for Venus. There is no indication of 
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any compiler. The same increment tables for Venus occur in MS R, where a 
different set of majmi‘a, and mabsüta tables for Venus are attributed to 
Shams al-Din Muhammad al-Hunaydi (and yet another set is attributed to 
Mustafa al-Faydi - see below). 

Concerning MS H, several other copies of this treatise exist, but no others 
contain the corpus of tables. This manuscript was copied in 1253/1837-38 and 
the tables may not be original to the treatise of Ibn Bakhshish. This is con- 
firmed by the fact that the author gives a worked example for 979 Hijra 
(= 1571/72), and the table of days in the following tables begin with 1110 
Hijra. A complete set of majmá^a and mabsita tables and increment tables 
for the sun, moon, and planets is presented in this manuscript, and the 
only table specifically attributed to an author is the majmi‘a table for the 
moon which was computed by Mustafa Abü'l-Itqàn al-Khayyáàt, an Egyptian 
astronomer who lived ca. 1150/1740. 

We now turn to MS R, a corpus of tables in ca. 140 fols., copied in 1053/ 
1643-44, and survey the tables it contains which relate to our subject. Firstly, 
there is an “extended?” set of the solar increment based on Ibn al-Majdi's 
original tables (fols. 3r-22v), with values for each day rather than each ten 
days. This is followed (fol. 23r) by a table of the lunar equation when 2y = 68 
attributed to “Abd al-S Aziz al-Wafa’i, with a note on how to use it. Next 
there is (fols. 24r-26v) a set of solar increment tables from the Durr, followed 
by (fols. 27r- 28v) the text of the treatise al-Sirat al-mustaqim by Ibn Abi'l- 
Fath al-Süfi which the copyist says is very useful although people have over- 
looked it. The lunar majmi‘a, mabsüta, and increment tables (fols. 29r-60b) 
are specifically attributed to Ibn al-Majdi. 

The majmi‘a table for Saturn (fol. 61r) is stated to be taken from Ibn 
al-Majdi's work al-Hall wa-l-tarkib; the mabsüta and increment tables (fols. 
61v-68r) are unattributed. 

The various majmi‘a and mabsüta tables for Jupiter (fols. 69v-70r) are 
attributed to Ibn al-Majdi, ‘Abd al-Rahim b. al-Banna' and Muhammad al- 
Hunaydi, and the increment tables (fols. 70v-76r) are attributed to Ibn al- 
Banna’ (see fol. 69v). . 

The various majmü^a and mabsita tables for Mars (fols. 77v-78r) are 
attributed to Ibn al-Banna’ and Muhammad b. al-Qala‘i, and the increment 
tables (fols. 78v-87v + 90r-101r) are attributed to Ibn al-Banna’. 

Two loose pages (fols. 88-89) contain some solar tables relating to the 
Durr in a later hand, with a note “for the latitude of Aleppo 35;509", (The 
tables are in fact independent of latitude). 

Only one of the majmi‘a and mabsita tables for Venus (fols. 103v-104r) 
is attributed, namely, to al-Hunaydi. The increment tables (fols. 104v-119r) 
are unattributed, but they are identical with those in the older MS C (see 
above). 
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The majmi‘a table for Mercury (fol. 120v) is attributed to al-Hunaydi, 
the mabsita table (fol. JZlr) is anonymous. Likewise the increment tables 
(fols. 121v-128v) are unattributed. 

An additional table for the majma‘a of Venus has been added in the manu- 
script (fol. 103r) by Mustafa al-Fay di (katib mu;rif-i Sadr-i *Ali) in 1170H, 
and calculations in his handwriting occur elsewhere in the margins of some 
of the original tables. Across al-Hunaydi's majma*^a table for Venus he has 
written in Turkish jumlat bu jadwal ghalatdir, “all of this table is wrong". 
Elsewhere in the manuscript, by a table of mean positions of the lunar node 
(fol. 62r), the same person has written bu jadwalak tafawuti fahish olür, “this 
table has an exorbitant divergence (from the truth)". It is rare to see such 
critical statements in medieval Arabic manuscripts. 

Each of the individuals *Abd al-Rahim b. al-Banna', Muhammad al-Hunay- 
di, Muhammad b. al-Qala‘i, and Mustafa al-Faydi, is new to the modern 
literature on the history of Islamic astronomy. 

Ridwàn Efendi, an astronomer who worked in Cairo ca. 1600, compiled 
a set of solar, lunar, and planetary tables based on the method of al-Durr 
al-yatim and on the parameters of the fourteenth century Zij of Ulugh Beg 
of Samarqand. Ridwàn's tables, extant in MS M, cover 822 pages of manuscript, 
and are copied in his own untidy hand. For the sun, moon, and five planets, 
there are majmi‘a, mabsüta, and increment tables. The solar increment tables 
are as in the earlier kind with entries for each 0;39 of horizontal argument. 
The lunar and planetary tables give values for each 1? of horizontal argument 
rather than each 69. But Ridwan tired of computing, and, in general, values 
for alternate degrees are omitted; sometimes whole pages are ruled for tables 
but there are no entries. In all cases, values are given to three sexagesimal 
digits rather than two. Ridwan's tables appear in a tidier form in MS N, copied 
some 250 years after his time: here his values for the increments are rounded 
to two digits and the horizontal argument difference is 2°, so that the values 
which Ridwàn did not bother to compute have been omitted altogether. 

Ridwan seems to have had an inspiration to compile an even larger corpus 
of auxiliary tables, a holograph copy of which survives in MS P, consisting 
of 1446 pages of tables, although here again he succumbed to the tedium of 
churning out tables and left about half of the entries blank. In this version 
the majmi‘a tables are as before, but the mabsüta tables have been incorporated 
into the increment tables, in a way that escapes us. MS Q is a unique copy 
of a set of lunar tables based on the same principle, compiled and copied by 
the Cairo astronomer Ramadan b. Salih al-Khawaniki about the year 1750. 
Al-Khawáàniki boasts on the title folio that no one has preceded him in this, 
but the vast majority of entries in the ninety folios ruled for tables have been 


left blank. 


Several dozen Egyptian ephemerides giving solar, lunar, and planetary 
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1780 A.D.), MS S, f. 10v, ilr. These two pages 


and lunar positions are given for each day of the year, whereas planetary positions 


have been computed using the tables described in this paper. 


Plate 3. An extract from an anonymous set of ephemerides for the year 1194 Hijra ( 


serve each day of the months Jumáda I and 11. Solar 
are given for each ten days. These positions appear to 
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positions, for each day ofthe year, and dating from theseventeenth, eighteenth, 
and nineteenth centuries survive in the Egyptian National Library. An extract 
from one of these, contained in MS S and computed for the year 1194H (= 
1780), is displayed in Plate3;it is unusual in that positions are given for the 
sun and moon for each day, for the outer planets and Venus for each ten days, 
and for Mercury for each five days. It seems highly probable that this ephem- 
eris was computed using the corpus of auxiliary tables that we have discussed 
in this paper. Indeed, although no surviving ephemerides contain an explicit 
statement that they were computed using the tables of al-Durr al-yatim, we 
can be sure that these auxiliary tables were used extensively in Egypt from 
the fifteenth century onwards. 
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. SOME ASTRONOMICAL OBSERVATIONS FROM 
THIRTEENTH-CENTURY EGYPT 


DAVID A. KING, New York University, and 
OWEN GINGERICH, Harvard-Smithsonian Center for Astrophysics 


1. Introduction 


In this study we present a list of thirteen planetary conjunctions observed in 
medieval Egypt. Such lists are rare in the medieval Islamic sources, and indeed 
the one presented here is only the second to come to the attention of historians. 
The first was the list of over one hundred observations recorded by the tenth- 
century Egyptian astronomer Ibn Yunus, published by the French orientalist 
Caussin de Perceval in 1804.! 

The list that we present and discuss here was located by King in 1974 in a 
manuscript of a medieval Arabic astronomical handbook preserved in the 
Municipal Library in Alexandria and numbered 5577C. In 1975 an earlier copy 
of the same work was located in the British Library in London, numbered 
Or. 9116. This work belongs to the category of Islamic astronomical handbooks 
known in medieval Arabic as zijes, of which almost 200 were compiled by 
Muslim astronomers during the millenium following the rise of Islamic 
astronomy in the eighth century.? The Islamic -ijes contain extensive tables 
and instructions for solving all the standard problems confronting the medieval 
astronomer, such as the determination of planetary and stellar positions, the 
computation of conjunctions and eclipses, and problems relating to time- 
keeping. The zij preserved in Alexandria and London is entitled Taysir al-matalib 
fi tasyir al-kawakib, “The simplification of problems in finding the motions of 
celestial bodies", and was compiled by the thirteenth-century Yemeni astronomer 
Muhammad ibn Abi Bakr al-Kawashi.* The Alexandria manuscript was copied 
in Sanaa in the year 1730. The London manuscript, which lacks the title folio 
and the name of the author, can be dated to the fourteenth or fifteenth century. 

Although al-Kawáshi worked in the Yemen and prepared his planetary 
tables for the longitude of Taiz, his zij is based largely on earlier Egyptian and 
Iraqi material. The Yemen was an important centre of astronomy in the Middle 
Ages, particularly in the thirteenth century, and the numerous extant Yemeni 
astronomical works are of interest because some of them preserve material 
from earlier Iraqi, Egyptian, and North African sources that are no longer 
extant in their original form. al-Kawashi’s zij, like several other of these 
Yemeni sources, merits detailed study. 

The fifth chapter of the introduction to al-Kawashi’s tables deals with 
planetary mean motions and begins with the list of the observations that the 
author claims to have made in order to derive the parameters on which his 
planetary tables are based. It seems probable that al-Kawashi made the obser- . 
vations himself, although he is not mentioned in any known contemporary or 
later Egyptian sources.? The observations were made either in Qus in the Nile 
Valley or in Alexandria, both flourishing cities in medieval times, but no other 
scientific activity of consequence in either locality is known from this period. 
al-Kawashi gives no indication that he actually used these observations either 
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to check his planetary parameters or to derive new parameters. The same holds 
for Ibn Yünus and his observation reports: his new parameters are introduced 
without explanation. The only new parameter which al-Kawashi presents is a 
value of the obliquity of the ecliptic that he states to have derived himself, 
namely, 23;32,50°. This value is not attested in any other Islamic work that 
Is currently known. 

Our present purpose is simply to present the list of observations as it appears 
in the two manuscripts, giving the Arabic text (Section 2), a translation 
(Section 3), and a commentary (Section 4) in which we investigate each of the 
observation accounts using modern tables of planetary positions in medieval 
times. The numbering of the observations is our addition to the text. 


2. The Arabic Text 


The text of al-Kawàshi's observation list occurs on fols. 19v-20r of the 
London manuscript (A) and fols. 11r-11v of the Alexandria manuscript (B). 
It reads as follows: 


قطحة من تيسير اليطالب لمحمد بن WE He‏ کی 
Í‏ : مخطرطةالكتبة البريطانية 17171 46 ق VY‏ ١٠5و‏ 
: مخطوطة الا سكند ري المكتبة البلدية cp E‏ ق )51 BVVH‏ 


الباب الخامسفى ذ كرما شاهد ناه بالحسمن قرانا ت الذوا MM‏ 
oE‏ ل EA‏ بيد (Y) vy‏ 
ازن لق e‏ آل من ليله ا جد عاشرالمحرم سنة 1۷1 
À‏ إل Y‏ نى شبر (F) amb‏ وقارن الزهرة المشترى بكرة 
By‏ ن بينهما فى ub‏ نحو 4M‏ 
شير واحد تقد 1 (t)‏ وقا القمر االمشترى وفنتعشا ؛ الآ حرة ليلة السسبت 
سير واحد تعد بر رت D | ١‏ 
حا عشر شحيا (o) ANN, aa‏ وقارن المشترى قلب الا سد بكرة نهار 
Di UNE kd‏ يا 
الخمي, EE‏ ' الاولى سنة lY A‏ وقد تقدمه 
D PI D 8 Ê | : si‏ 
log 8‏ ی چ تغدیرا )1 ) وقارن القمر المشدترى فى اول 
المشترى بقد A‏ اصبح وا حد 


١ 0 `‏ : رمضان سنة 1۷۸ وهما على >+ — 
الثالثة من ليلة السبت سابح — 
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النہهار ee‏ فى الحرض نحو عرض اصبعین تقد يرا اودون ذلك ) CY‏ وقارن 
ر = 


عطارد المشترى صباح يوم الا نین را عدر TL "EIS‏ 
b 8‏ تقد ير عرض اصبح واحد ة (A) Y‏ ؤقارن الزهرة زحل بكرة نهار 

ee‏ ین EC‏ خامسشر ' شوال سنة TAs‏ وزحل متقد م Ll‏ فى الطول 
الليلة الثانية تقد مت الزهرة عليه بنحو ‏ شبر (A)‏ وقارن المريسخ 
الأول BET asa lo ۸ Y ZZ‏ 


تلحو LÉI get‏ 
قلب الا سد بكرة نهار يوم الثلثا * eoe b‏ 
٠‏ ) وكسف القمر الزهرة فى ليلة السبت رابح المحرم سنة 1۸١‏ وكسان 
الساعة Sec Ell‏ من تلك الليلة ومكثت مستترة الى وسط الرابعسة 


منه ( 
الابتداءفى اخر 
من الليل بالاسكندرية )13( وقارن المريخ قلبالاسد يوم الثلثا * سابع ربيسسع 
الاول سنة 1 ^ وکا ن تقدير القران بين الظهر والعصر CVT)‏ وقارن الزهرة 
المريخ بكرة نهار يوم الاحد سابع جمادى gyi CAE) dA Eo"‏ 
القمر زحل بكرة يوم الجمعة خامسعشر ربيعالاخرسنة VAT‏ وقد تقدمه القمر 


فى الطول بتفد ير ثلث د رجة تقد يرا وبينهما فى العرض:حو د رجتين اود ون 


AU A 

DLE ایت یا‎ EE 
وفوق السطر بخط اخر : رابحعشرصع "فى أ :واحد‎ € eee أ‎ 
Ber” ا ا ن الد ل ار اشن‎ 
أ : ساد سعشر» وفوق السطر بخط اخر : خامسعشر صح فى ب : لحو‎ 
| YAT cence 


3. Translation 
“Chapter 5 on the planetary conjunctions which we observed. 


(1) The Moon was in conjunction with Mercury and occulted it at the town 
of Qus. [The planet] remained occulted for about half an hour. This was 
during the second hour of the night of Tuesday, Muharram 2, in the year 672 
[Hijra]. 
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(2) The Moon was in conjunction with Saturn at the beginning of the third 
[hour] of the night of Sunday, Muharram 10, in the year 676. There was about 
one span latitude difference between them. 

(3) Venus was in conjunction with Jupiter early in the morning of Monday, 
Muharram 18, in the year 676. There was an estimated latitude difference of 
about one span between them. 

(4) The Moon was in conjunction with Jupiter at the time of the night [prayer] 
on the night of Saturday, Shacban 15, in the year 677. 

(5) Jupiter was in conjunction with Regulus early in the morning of Thursday, 
Jumada I 28, in the year 678. Jupiter had an estimated latitude excess of one 
digit. 

(6) The Moon was in conjunction with Jupiter at the beginning of the third 
[hour] of the night of Saturday, Ramadan 17, in the year 678. They were both 
on the meridian and their estimated latitude difference was two digits or [a 
little] less. 

(7) Mercury was in conjunction with Jupiter on the morning of Monday, 
Jumada I 14[?], in the year 679. There was an estimated latitude difference of 
one digit between them. 

(8) Venus was in conjunction with Saturn early in the morning of Monday, 
Shawwal 15, in the year 680. Saturn was ahead of [Venus] in longitude by 
about one span and the next night [/.e., early the next morning] Venus was 
ahead of [Saturn] by about one span. 

(9) Mars was in conjunction with Regulus early in the morning of Tuesday, 
Rabic I 9, in the year 681. It was very close to [the star]. 

(10) The Moon occulted Venus on the night of Saturday, Muharram 4, in the 
year 682. The beginning [of the occultation] was at the end of the second hour 
of that night and [Venus] remained covered until the middle of the fourth [hour] 
of the night at Alexandria. 

(11) Mars was in conjunction with Regulus on Tuesday, Rabie I 7, in the year 
683 [MS B has 682!]. The estimated [time of the] conjunction was between 
the midday and afternoon [prayers]. 

(12) Venus was in conjunction with Mars early in the morning of Sunday, 
Jumada II 7, in the year 683. 

(13) The Moon was in conjunction with Saturn early in the morning of Friday, 
Rabie II 15, in the year 683. The Moon was an estimated one-third of a degree 
ahead of [Saturn] in longitude, and there was about two degrees or [a little] 
less latitude difference between them." 


4. Commentary 


The following remarks are based on an examination of the reported obser- 
vations. For each observation we have converted the dates to the Christian 
calendar and ascertained the details of the conjunctions or occultations. 

The Hijra dates given in medieval Arabic astronomical texts may be either 
according to the civil or astronomical reckoning. The epoch of the Islamic Hijra 
calendar according to the civil reckoning is taken as Friday, 16 July 622 A.D. 
This was the evening of the first visibility of the lunar crescent marking the 
first day of the pagan Arab year in which the Prophet Muhammad emigrated 
from Mecca to Medina (in Arabic, al-hijra, literally, “the breaking of ties"). 
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According to the astronomical reckoning the epoch is the preceding day when 
the true conjunction of the Sun and Moon occurred. In medieval Arabic 
astronomical texts both systems are used, and we need to know the corre- 
sponding day of the week in order to convert to another calendar. Modern 


' tables display the dates in the Christian calendar corresponding to the beginning 


of each Hijra month from the seventh century to the present,’ and we have 
relied on these. The reader should bear in mind that the Islamic day begins at 
sunset, so that, for example, the Arabic /ay/at al-ithnayn, literally “the night 
of Monday”, means “the night preceding Monday morning". Also, al-Kawashi 
uses seasonal hours representing twelfth divisions of the length of daytime or 
night-time, and hence varying throughout the year and depending on the local 
latitude. He expresses some of the times of day and night in terms of the times 
of prayer, which in Islam are astronomically defined.? 

To check these medieval planetary observations we have used a computer 
program originally written by P. Huber at the Eidgenössische Technische 
Hochschule in Zurich (and now of Harvard) and similar to that used for the 
tables of B. Tuckerman.? We have added the coding to give topocentric positions 
of the Moon. For the star Regulus we have used a position computed from 
P. V. Neugebauer's Sterntafeín.!? 

The Arabic terms used for small angular distances on the celestial sphere, 
asba‘, “digit” (that is, finger-breadth), and shibr, "span", correspond to 
apparent elongations of about 45^ and 1°, respectively. 

All of the observations are rather crudely described, and there is no need to 
suppose that they are anything other than naked-eye observations. Only in 
observations | and 10 are the locations Qus and Alexandria specifically 
mentioned. It may be that observations 1 to 9 were made in Qus, and obser- 
vations 10 to 13 were made in Alexandria, wa-//ahu aclam, "but God knows 
better"; in any event, it makes scarcely any difference for the rather low 
precision of the given observations. Fortunately the most interesting records 
for a modern astronomer are observations 1 and 10. The geographical coordi- 
nates of Qus and Alexandria are as follows: 

Latitude Longitude 

Qus 25*55' 32°44’ = 2h] 1m 

Alexandria 31?12 29°54' = 2h00m 
The time equivalent of the longitude, together with the equation of time for the 
day in question, allows the apparent time of the observations to be converted 
into universal time (UT), which always begins at Greenwich midnight; for our 
purposes we are not distinguishing universal and ephemeris times. For times 
of sunset and sunrise we have used the tables in The American ephemeris and 
nautical almanac. 
(1) Muharram 2, 672 Hijra in the astronomical calendar corresponds to Tuesday, 
18 July 1273. The occultation of Mercury thus took place on the evening of 


Monday, 17 July 1273. Since the solar longitude was about ]21°8 on that 


evening, sunset occurred at about 6h40m after midday (= 16h36" ur) and one 
seasonal night hour equals about 55m. Our calculations show that the occul- 
tation began almost precisely one seasonal night hour after sunset, and that 
the moonset half an hour later prevented observations of the conclusion of 
the phenomenon. 
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(2) Muharram 10, 676 Hijra in the civil calendar corresponds to Sunday, 13 June 
1277. According to our calculations, the conjunction between Saturn and the 
Moon took place on the evening of Saturday, 12 June 1277. Since the solar 
longitude was about 88°۰5 on that evening, sunset occurred at about 6h50m 
after midday (= 16h42m UT) and one seasonal night hour at Qus corresponded 
to about 52m. The closest approach took place at 19^ 17™ ur, that is, at the end 
of the third seasonal night hour after sunset. 
(3) Muharram 18, 672 Hijra in the civil calendar corresponds to Monday, 
21 June 1277. The close approach of Venus and Jupiter was observed early in 
the morning whereas the true conjunction in longitude actually followed in the 
afternoon of 21 June when Venus was not visible. The latitude difference was 
very close to 3? at dawn on 21 June. 
(4) Shacban 15, 677 Hijra in the astronomical calendar corresponds to Saturday, 
31 December 1278. The conjunction took place on the evening of Saturday, that 
is, on the preceding Friday night, and was not particularly impressive because 
the Moon was over four degrees north of Jupiter. With such a distance the 
precise time of close approach would have been difficult to measure. Medieval 
Egyptian astronomers would have calculated nightfall (and the time of prayer) 
for a solar depression of 17°, which matches the conjunction with more than 
enough precision. 
(5) Jumadà I 28, 678 Hijra in the astronomical calendar corresponds to 
Thursday, 5 October 1279. The positions of Jupiter and Regulus on that day 
were: 
Longitude Latitude 
Jupiter 139?-9 +0°-8 
Regulus 139°-9 +0°-2 


This latitude difference is closer to a span than the digit mentioned in the text. 
(6) Ramadan 17, 678 Hijra in the astronomical calendar corresponds to 
Saturday, 20 January 1280. The conjunction is stated to have taken place with 
the Moon on the meridian at the beginning of the third hour of the “night of 
Saturday”, that is, on Friday, 19 January 1280. Since the Moon was a day 
past full, it could not come to the meridian until after midnight, so the details 
of the report are faulty. The solar longitude on that date was about 307°, 
sunset came at 535m after midday, and the seasonal night hour was 64m, Thus 
the third hour of the night began at Qus about 258™ after sunset, or at 15h37m UT. 
The conjunction actually took place in the fifth seasonal hour after sunset, 
with the Moon 2°-5 above Jupiter (rather than the specified two digits) and 
our calculations show that by the time the Moon was on the meridian, it had 
advanced a degree in longitude beyond Jupiter. 

(7) This report is slightly garbled. MS A has Jumada I 13 with an additional 
note in a different hand that 14 is better. MS B has simply Jumada I 14. The 
morning of Jumada I 14, 679 Hijra, in the civil calendar corresponds to 
Thursday, 11 September 1280. According to our calculations the conjunction 
in longitude actually took place before Mercury and Jupiter were visible in the 
eastern dawn on the morning of 11 September 1280; the latitude difference 
when the planets became visible just before dawn was about 3°, that is, more 
than one span rather than the one digit stated in the text. 
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(8) Shawwal 15, 680 Hijra in the astronomical calendar corresponds to Monday, 
26 January 1282. According to our calculations for that morning, Saturn was 
ahead of Venus in longitude by about 3° (i.e., a little more than a span) and 
the following morning Venus was ahead of Saturn by just under 1° (i.e., about 
a span). Their latitude difference was slightly greater than 1°. We find: 


Longitude Latitude 
1282 Jan. 26:2 (UT) Mercury 269°-53 +2°-2 
Saturn 270°-20 0°-8 
1282 Jan. 27:2 Mercury 270°-68 2°۰1 
Saturn 270?-29 0°۰8 


The date as given in the translation thus seems secure. In MS A the day of the 
week is given as Tuesday, corrected to Monday, and the day of the month is 
given as 16, corrected to 15. 
(9) Rabie I 9, 681 Hijra in the astronomical calendar corresponds to Tuesday, 
16 June 1282. The text indicates only that the conjunction is close, and we find 
Regulus to be about a degree south of Mars: 
Longitude Latitude 

Mars 139°-8 +1°-2 

Regulus 139°-9 +0°-2 
(10) Muharram 4, 682 Hijra in the astronomical calendar corresponds to 
Saturday, 3 April 1283. The occultation took place on Friday, 2 April 1283. 
Since the solar longitude was about 20°, the second seasonal hour of the night 
at Alexandria ended about 155m after sunset or about 6h20m + 1150m = 20h15m 
after astronomical midday, and the middle of the fourth hour of the night was 
about 3h]5m after sunset or about 6h20m+ 35155 = 2]h40m after midday. 
Although the text thus indicates an approximate duration of 1h20m, an occul- 
tation of Venus can last only about an hour unless the planet is moving rapidly 
with the Moon. Our calculations, with an accuracy of about five minutes, show 
that the occultation began at 19h42m in Alexandria and ended at 2042”, with 
the Moon then at an altitude of 16°. It is interesting to note that the reported 
times agree somewhat better for Qus than for Alexandria. 
(11) Rabie I 7, 683 Hijra in the astronomical calendar corresponds to Tuesday, 
23 May 1284. Our calculations show that the conjunction actually took place 
around midday (for longitudes in Egypt) on 22 May rather than 23 May. 
Because the latitude difference was about 14°, it would have been somewhat 
difficult to record by naked eye on which evening the approach was closest; 
since the reported event took place in the daytime, the estimated time of the 
conjunction was derived by interpolation or possibly by computation. Computa- 
tion with the Toledan Tables, for example, would have given the same date 
we find provided a good position of Regulus was available. For May 22:4 (UT) 
we find: 

Longitude Latitude 

Mars 139°-9 T1?37 

Regulus 139°-9 +0°-2 
(12) Jumada II 7, 683 Hijra in the astronomical calendar corresponds to 
Sunday, 20 August 1284. According to our calculations the true conjunction 
in longitude took place somewhat earlier on the previous evening (19 August) 
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before Venus and Mars had risen, but the two planets were still very close 
when they became visible on the Sunday morning. Their latitude difference 
was about A". 
(13) Rabie II 15, 683 Hijra in the astronomical calendar corresponds to Friday, 
30 June 1284. According to our calculations, Saturn and the Moon came into 
conjunction that morning following sunrise; in other words, the phenomenon 
was terminated by dawn. At about dawn (June 30-11 ur) the situation was 
as follows: 
Longitude Latitude 
Moon 292?-12 +1 
Saturn 293°-85 —0?-27 


In other words, the separation is about as described in the text except that the 
components of longitude and latitude are mixed—there is no way to get the 
specified 2? in latitude. The event was quite similar at Qus. 
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1. Introduction 


A certain Abü'l-Hasan ‘Ali b. Abi “Alî al-Qusuntini! compiled in fourteenth- 
century Fez a sort of miniature zij, or astronomical handbook comprising 
tables and explanatory text,” which he dedicated to the Merinid Sultan Ibrahim 
al-Musta‘in. This zij is distinguished by the fact that the explanatory text is 
in verse. Many mathematical and astronomical poems, some of considerable 
sophistication, were composed during the Islamic Middle Ages; most of these 
were Maghribi compilations and most are as yet unstudied in modern times.‘ 
The fact that al-Qusuntini's zij is in verse, however, is not the reason for our 
studying the work. Rather, it is because the zij is the only known document 


* The American University of Beirut, Beirut, Lebanon. 

** Department of Near Eastern Languages and Literatures, New York University, 50 Washington 
Square South, New York, New York 10003, USA. 

1. Al -Qusuntini and his zij are mentioned in Suter, no. 371; Renaud 1,no. 371; and Brockelmann, 
S II, pp. 364-365. (References in italics are to the bibliography at the end of the paper). The epithet 
al-Qusuntini indicates that our author or his family was originally from Qusuntiniya (— Constantine) 
on the Algerian littoral. He is not known to have compiled any other works, but we have not consult- 
ed any medieval Maghribi biographical works. He is referred to as al-faqih, which indicates his 
interest in law, and as ai-mu^addil, which indicates that he was a professional time-keeper associated 
with a mosque and responsible for the regulation of the times of prayer. 

2. À survey of Islamic zijes is Kennedy 1. 

3. The only other zij known to us which may have been written in verse is called al-Zij al-manzüm. 
and its arrangement in verse is implied by the title, al-Sirr al-maktüm  fi-l-*amal bi'l-zij al-manzüm 
of a work attributed to the fourteenth-century Syrian scholar Abü'l-Fidà' (Suter 1, no.392), and ex- 
tant in a unique manuscript in Oxford. See further Kennedy 2, pp. 18 and 22. 

4. Some examples of the most popular scientific works in verse are the astrological poem of Ibn 
Abi ‘]-Rijal (on whom see Pingree 5 and Sezgin, VII, pp. 186-188; the poem on algebra by Ibn al-Yas- 
min (Suter 1, no. 320); the poem on timekeeping by al-Jadari (Suter 1, no. 424a); and the poem on all 
aspects of science by “Abd al-Rahman al-Fasi entitled al-Uqnüm (Renaud 1, no. 541). Each of these 
authors worked in the Maghrib. 
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extant in Arabic in which the planetary theory is essentially Indian rather 
than Ptolemaic. This Indian planetary theory, popular amongst certain early 
Muslim astronomers,’ and not without influence in Andalusia and the Maghrib 
throughout the medieval period, is known to be based on pre-Ptolemaic Greek 
astronomical models.” The zij of al-Khwàrizmi was also based on Indian 
planetary theory, but it has survived only in the Latin translation of an ex- 
tensive reworking of the original by al-Majriti.? 

The unique manuscript source of al-Qusuntini's zij is ff. 44v-63v of MS 
Escorial ar. 909.* The first part of the same manuscript contains a copy of the 
zij of the thirteenth-century Moroccan astronomer Ibn al-Bannà', upon which, 
as will be seen below, al-Qusuntini leans heavily. Al-Qusuntini's zij is repro- 
duced in facsimile on pp. 22-41 below with kind permission of the author- 
ities of the Biblioteca de El Escorial. The introduction is written in rajaz 
meter. 

In Section 2 we attempt to put al-Qusuntini in the context of astronomy 
in the medieval Maghrib. No clear picture of this general topic can be presented 
at this time. The known sources present a multiplicity of historical problems, 
and some of the most important sources have only recently been rediscovered 
and have not been studied yet. 

In the next section, 3, al-Qusuntini's mean motion parameters are dis- 
played and discussed. They are seen to be from Western Arabic sources, inde- 
pendent of al-Khwárizmi's mean motions. The same is true of his planetary 
apogees, also presented. 

In Section 4, however, it is shown that al-Qusuntini’s planetary “equation” 
tables are essentially the same as those of al-Khwáàrizmi, except that seconds 
of arc have been suppressed. 


Section 5 is an attempt to infer from al-Qusuntini's rules his method of 
calculating planetary true longitudes. We suggest that the solution is an 
algorism which, like the equation tables, is firmly in the Indian (and Sasanian 
Iranian, and early Islamic) tradition, but which is considerably more primitive 
than any related rule hitherto noted. We do not think our author originated 


1. On the influence of Indian astronomy in early Islamic astronomy see Pingree 1. (Prof. Pingree 
informs us that there are several Sanskrit manuscripts in existence of a work entitled Yantra Jarkali, 
suggesting that al-Zarqàllu's works had some modest influence in later Indian astronomy.) 

2. See Pingree ? for an overview of Indian astronomy. 

3. On al-Khwáàrizmi see the article by G. Toomer in the DSB. A medieval Latin translation of al. 
Majriti's recension of his zij is published in Suter 2. A translation and commentary is in Neugebauer 
2. Further insight into the original work is provided in Goldstein 2. On the Byzantine and medieval 
Latin traditions based on the Zij al-Sindhind, see Pingree 2, pp. 151-169, and Pingree 4. 

4. On the manuscript see Renaud 2, pp. 7-10. The manuscript is of Maghribi provenance, but is 
not dated. It contains (1) the zij of Ibn al-Banná'; (2) the zij of al-Qusuntini; and (3) a commentary 
by Ibn al-Qunfudh (Suter 1, no. 422) on the astrological poem of Ibn Abi'l-Rijàl (see note 4, p. 3). 
Renaud gives the name as al-Qustantini but the text has clearly al-Qusuntini. 
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it, but that he inherited the method from some much earlier source, probably 
through unknown intermediaries. 

Section 6 is a detailed table of contents of the entire zij. Readers who need 
information concerning the contents of a normal zij, or conventions involving 
symbols, may consult Kennedy 1. The entries in the tables are expressed in 
the standard medieval Arabic alphanumerical notation.’ Standard topics 
omitted by al-Qusuntini are: trigonometric functions, planetary latitudes, 
fixed stars, geographical coordinates, and astrological functions. Of special 
interest is a lunar ripeness table. 


2. Brief Survey of Astronomy in the Maghrib 


The following account is the first attempt in the modern literature to out- 
line the history of astronomy in the Maghrib.’ The evidence indicates that 
such cities as Marrakesh, Tunis, Taza, and Tlemcen, were the scene of an active 
tradition of astronomy for several centuries. Until the available sources are 
investigated more thoroughly it will be difficult to establish the connections 
between the Andalusian and Maghribi traditions in astronomy.’ Prof. G. 
Toomer, in his penetrating study of the solar theory of the eleventh-century 
Andalusian astronomer al-Zarqállu, has already demonstrated the importance 
of Maghribi material based on earlier Andalusian sources that are no longer 
extant in their original form.‘ | 

From the first five centuries of Islam only one author is known to us from 
the Maghrib, namely, the astrologer Ibn Abi'lRijàl who worked at the 
Zirid court in Tunis ca. 1045.* Thereafter we have reports of isolated measure- 
ments of the obliquity of the ecliptic conducted by an unnamed astronomer 
in Meknes, by Ibn Hilàl in Sebta, by al-Mirrikh in Marrakesh, and by Ibn 
al-Turjum4n in an unspecified location, all dating apparently from the twelfth 
and thirteenth centuries." 

The activities of al-Zarqàllu in Cordova and Toledo in the eleventh century 


l. Cf. Irani on this notation. 

2. The standard bio-bibliographical sources in which Maghribi astronomers and their works are 
listed are the following: Suter 1; Renaud 1; Brockelmann, II, pp. 331-332 and 615-616, and SII, pp. 
364-365 and 701-109; Azzawi, pp. 209-221; and Cairo Survey, Section F. See also Renaud 2 on astron- 
omy in Morocco and King 1, pp. 192-193 on astronomy in Tunis. On Maghribi astrolabists and their 
works see Gunther, I, pp. 248-301; Renaud 4; Mayer, passim; and Brieux & Maddison. Maghribi con- 
tributions to mathematics are surveyed in Djebbar. 

For catalogs of Maghribi manuscript collections see Sezgin, VI, pp. 329-332, 402-407, and 454- 
456, and on two particularly rich collections of scientific manuscripts see Renaud 7 and Samsó. 

3. On the Andalusian tradition see the numerous publications of J. Millás Vallicrosa. J. Vernet 
Ginés, and J. Samsó Moyá. 

4. Cf. Toomer 2. 

5. On Ibn Abi'l-Rijàl see note 4 to Section 1 above. 

6. These individuals are mentioned in the anonymous commentary on al-Jadari’s poem, on which 
see note 5 on p. 9. 
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appear to have had more influence in Europe than they had in later Islamic 
astronomy." The Andalusian astronomer Ibn al-KammAd seems to have based 
his ztjes on the work of al-Zarqàllu, and at least one of his zijes was in use in 
the Maghrib in the thirteenth century.* A Maghribi astronomer who is known 
to have relied on a zij of Ibn al-Kamméad and also on the observations of a 
Sicilian Jew, was Ibn Ishaq, a Tunisian who worked in Morrocco in the early 
thirteenth century.’ He compiled a zij which Ibn Khaldün tells us was widely 
used in the Maghrib in the fourteenth century; a copy of this work was recently 
discovered by the second author in Hyderabad, and awaits detailed study. 
Ibn Ishaq quotes several earlier scholars whose works are no longer available 
in their original form: for example, in his chapter on lunar crescent visibility 
he cites the opinions of the earlier Andalusian astronomers Ibn Mu‘adh and 
Abü'l-Hajjàj al-Sabti, the latter a student of Maimonides,“ as well as others 
whose names are new to the modern literature (see Section 6 below). 

In passing we should mention that the late thirteenth-century scholar 
Abü *Ali al-Marrákushi,? author of an enormous compendium on spherical 
astronomy and instruments entitled Jami‘ al-mabadi’ wa’l-ghaydt, hailed 
from the Maghrib but wrote his treatise in Cairo. Indeed, al-Marrakushi’s 
work, which was highly influential in Egypt, Syria, and Turkey, appears to 
have been unknown in the Maghrib. al-Marrákushi quotes such sources as 
al-Zarqallu and Ibn al-Kammad, but a thorough investigation of his sources 
for his writings on instruments has yet to be undertaken. Transmission and 
influences are indicated in the chart below. 


al-Khwariami & al-Battani & 
the Sindhind Tradition the Ptolemaic Tradition 


eeng al-Zarqallu 
Bee (Andslasia) 


"Ee Ibn a[-Kammad‏ ' سے 


al-Marrakushi ww 
al ay ]bn al-Hš°im ibn Ishaq 
سے‎ "The Jële dan 
Ibn al-Banna’ Tadjes 
Ibn ai- Kaqqam m 
. al-Qusuntini 
Ton al-Qunfudh 


1. On al-Zarqillu see the article in the DSB by J. Vernet. See also Toomer 1 on the Toledan Tables 
and 2 on al-Zarqállu's solar theory. 

2. On Ibn al-Kammád see Suter 1, no. 487; Kennedy 1, nos. 5, 66 and 72; and Toomer 2, pp. 330-331. 

3. On Ibn Ishaq see Suter 1, no. 356. See also Rosenthal, III, pp. 136-137 for the remarks of Ibn 
Khaldün. The manuscript of his zij is MS Hyderabad Andra Pradesh State Library no. 298 (ca. 200 
folios, copied ca. 1400). 

4. On Ibn Mu‘adh see the article ‘‘al-Jayyani’’ in the DSB by Y. Dold-Samplonius and H. Her- 
melink. On al-Sabti see Suter 1, no. 342. 

5. On al-Marrakushi see Suter 1, no. 363 and Cairo Survey, no. C17. The first half of his treatise, 
which deals with spherical astronomy and sundials is translated in Sédillot-pére. The second half, 
which deals with other instruments, was summarized in a rather haphazard fashion in Sédillot-fils. 
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The Moroccan scholar Ibn al-Bannà' commpiled a zij in Marrakesh about 
the year 1300.! This survives in several copies but the tables have yet to be 
studied properly. The astronomer Ibn al-Raqqàm compiled in Tunis in the 
early fourteenth century two ziJes, both of which are extant in unique manu- 
scripts and have yet to be studied.* One of Ibn al-Raqqàm's zijes is said by 
the author to be based on another by Abü'l-Hasan ibn *Abd al-Haqq called 
Ibn al-Hà'im, a person otherwise unknown to us. The zij of al-Qusuntini was 
not the only baby zij compiled in the Maghrib. Ibn al-Qunfudh in the late 
fourteenth century compiled a small zij for Tlemcen based on the zij of Ibn 
al-Banna’.* No other zijes specifically for Fez or Tlemcen are known to us. 


A recension for Algiers of the zij of Ibn al-Shátir, the celebrated astronomer 
of fourteenth-century Damascus, is known from a single manuscript.“ Consid- 
erably more influential was the zij of Ulugh Beg, compiled in fifteenth-century 
Samarqand: Tunisian recensions were prepared by Abü “Abd Allah Muhammad 
al-Tünisi known as Sanjaq Där and by Husayn Qus‘a, and both survive in 
several copies.* The late fifteenth century Jewish astronomer Zacuto compiled 
his perpetual almanac in Salamanca.’ These tables in a modified form were 
apparently used in the Maghrib (as well as in Ottoman Turkey), and the 
introduction to them was translated into Arabic by Andalusian astronomers. 


In Marrakesh in the early thirteenth century and in Taza in the early 


1. On Ibn al-Bannã’ see the article in the DSB by J. Vernet; Suter 1, no. 399; Renaud 1, no. 
399; Renaud 5; and Cairo Survey, no. F23. The introduction to his zij is translated in Vernet 1. 

2. On Ibn al-Raqqàm see Suter 1, nos. 388 and 417 (?); Brockelmann, SII, p. 378; and Cairo 
Survey, no. F 22. His Shámil Zij is in MS Istanbul Kandilli 249 and his Qawim Zij is in the Museo 
Naval de Madrid — see Vernet 2, pp. 297-298. 

Prof. F. Sezgin has recently drawu attention to a manuscript which he lists as a Maghribi recension 
of the zij of the eighth-cencury astronomer al-Fazari (on whom see the article in DSB by D. Pingree), 
this manuscript being supposedly preserved in Rabat. See further Sezgin, VI, p. 123, no. 1. The zij, 
entitled al-Zij al-Qawim, has, however, nothing to do with al-Fazari — see already the discussion in 
King 4, p. 51. Prof. George Saliba of Columbia University informs us that the manuscript is actually 
in Fez, not Rabat, and that it was listed in a catalog of rare manuscripts exhibited at the Qarawiyyin 
in Fez in 1960. In this catalog, published in Rabat, the author is identified as Muhammad b. Ibrahim, 
that is, Ibn al-Raqqàm, not al-Fazari. Thus this manuscript is probably another copy of the Qawim 
Zij of Ibn al-Baqqàm. 

3. On Ibn al-Qunfudh see Suter 1, no. 422; Renaud 1, no. 422; Cairo Survey, no. F25; and also 
note 4 on p. 4 above. 

4. On the zij of Ibn al-Shatir see Kennedy I, no. 11. The Algerian recension is extant in MS Cairo 
DM 533. 1 

5. On the zij of Ulugh Beg see Kennedy 1, no. 12. On the copies of the Tunisian recensions pre- 
served in Cairo see Cairo Survey, nos. F47 and F53-55. 

6. On Zacuto see the article in the DSB by J. Vernet. On the manuscripts of his almanac see 
Goldstein 2, especially pp. 239-248. MS Cairo DM 1081 contains a Maghribi version of the almanac 
and several Arabic treatise» relating to it — cf. Cairo Survey, no. F 31. 
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fourteenth century, astrolabes of excellent construction were being produced. 
In the late thirteenth and early fourteenth centuries there were constructed 
in Fez two astronomical clocks, of a kind known otherwise only from mid- 
fourteenth century Damascus. The first clock was set up in the Qarawiyyin 
Mosque’ and the second in the Bu‘inaniyya madrasa:* both were water- 
clocks fitted with an astrolabic rete. The first clock, in its later form, is still 
in situ although the gear mechanisms have gone, and most of the second 
clock has disappeared: the remains of both clocks have been investigated 
by Prof. Derek J. de Solla Price. Several later Maghribi astrolabes and quad- 
rants survive in museums around the world,‘ attesting to a continuing 
interest in instrumentation in the Maghrib until the nineteenth century. 

In the fourteenth century extensive sets of tables for time-keeping by the 
sun and stars and for regulating the astronomically-defined times of prayer 
were compiled in Tunis after the model of the tables currently in use in Damas- 
cus. Another smaller set of tables for regulating the times of prayer was 
prepared for different localities in Morocco. A sundial from fourteenth 
century Tunis reflects the interest of the Maghribis in times of day with special 
religious significance that had no counterpart in contemporary practice in 
Mamluk Egypt and Syria.' The times are not displayed on a later Tunisian 
sundial in the Mosque of Sidi ‘Uqba in Qayrawàn,? but yet other times are 
tabulated in some Ottoman prayer-tables for Algiers. The position of the 
mu‘addil appears to have been the Maghribi equivalent to of the 1 
of the Mamluk world, that is, the astronomers associated with mosques and 
madrasas who were responsible for regulating the astronomically-defined 


1. See, for example, Mayer, p. 32 on the works of Abo Bakr b. Yüsuf of Marrakesh and Supple- 
ment, p. 294 on *Ali b. Ibrahim of Taza. (Another incomplete astrolabe made by him is preserved in 
the Musée d'Histoire des Sciences in Geneva.) 

2. See Mayer, p. 67 sub Muhammad al-Habbiak, p. 77 sub Muhammad as-Sinháji, p. 73 sub Muham- 
mad b. Muhammad b. al-“Arabi, and Azzawi, p. 216 sub Ibn al-Laja’i, for references to the historical 
sources on this clock, and more recently Price for a thorough investigation. On the clock in Damascus 
see the brief remarks in the article on Ibn al-Shatir in DSB by D. A. King. 

3. See Mayer, p. 40 sub *Ali b. Ahmad, and also Price. 

4. See, for example. Mayer, pp. 60-61 sub Muhammad b. Ahmad, and also Janin on a Tunisian 
quadrant. 

5. On these Tunisian tables see the brief remarks in King 1, pp. 192-193 and on the Syrian tables 
see King 2. More information is contained in the forthcoming Studies in Astronomical Timekeeping 
in Medieval Islam by the second author. The various Tunisian tables are preserved in MSS Berlin 
Ahlwardt 5724 and Cairo DM 689. 

6. These tables are extant in MS Cairo TR 338,2 - see Cairo Cat. and Survey, no. F35 for details. 

7. See King 1 for a detailed description of this sundial. (On p. 189 the dimensions of the sundial 
should be 24 cms. x 24 cms. and not 24 x 34 as stated.) See also King 3, pp. 361-370 on some later 
Maghribi and Andalusien texts on sundiol theory. 

8. Cf. Janin, pp. 208-211 and King 2, pp. 369-310 on this instrument. 

9. These tables are preserved in MS Cairo TFT 9, 1: see Cairo Cat. and Survey, no. F68 for details. 
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times of the five, or occasionally in the Maghrib six, daily prayers.’ 

As elsewhere in the medieval Islamic world there existed in the Maghrib 
alongside this scientific activity in astronomy a tradition of primitive folk 
astronomy. The pronouncements of one Abii Miqra‘, who lived in the thir- 
teenth century, were accorded far more respect than was warranted by their 
scientific content.* 

About the year 1300 the astronomer Ibn al-Bannà' compiled an almanac 
of the same kind as the earlier and better-known Calendar of Cordova.* At 
the end of the fourteenth century a certain al-Jadari wrote a poem on timekeep- 
ing which was much commented upon in later centuries.“ This kind of ma- 
terial is worth studying for its own sake but also has special rewards for the 
historian of science: in an anonymous commentary on al-Jadari’s poem com- 
piled in Tlemcen in the sixteenth century there are accounts of considerable 
historical interest concerning earlier Maghribi activity in measurements of 
the obliquity of the ecliptic (see above), trepidation, and twilight determina- 
tions. 

Astronomical activity in the Maghrib continued until the colonial period, 
but by then the great zijes of Ibn Ishãq and Ibn al-Bannà' and most of the 
underlying theory had been long forgotten. Rather, a plethora of poems on 
folk astronomy and on the use of the almucantar and sine quadrants for 
timekeeping were the favorite reading of those who passed as astronomers.' 
As we have shown, the earlier Maghribi tradition was relatively rich and is 
of considerable importance to the history of Islamic astronomy. Furthermore 
as we have noted, most of the relevant sources have yet to be studied properly. 
The historical and biographical sources must also be exploited before we can 

gain a clearer picture of astronomy in the medieval Maghrib. 


3. Mean Motion Parameters and Apsidal Positions 


From the mean motion tables the underlying base parameters were “squeezed” 
by a process of successive divisions of total mean travel by the respective 
time spans involved. The results, in degrees per day, are tabulated below, 
accompanied by comments where appropriate. 


1. See, for example, Mayer, p. 67. Nevertheless, the term seems to relate originally to an as- 
tronomer capable of reckoning the equations (ta*ádil) of the sun, moon, and planets. 

2. On Abû Miqra* see Colin & Renaud. See also Cairo Survey, no. F17 and F49. 

3. Translated in Renaud 8. 

4. On al-Jàádari see Suter 1, no. 424a; Renaud 1, no. 424a; and Cairo Survey, no. F26. 

5. This commentary is extant in MSS Cairo K 4311 (defective) and also London B.L. 411, 2. 

6. On some late Maghribi astruuomical works see Renaud 2 and 7. 
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sun 0;59,8,11,30,5,56, close to the value in the Toledan Tables (see 
Toomer, 1, p. 44) which is that of Ibn al-Banna' (see Vernet, 1.). 
solar apsidal motion 0;0,0,2,7,11, found with Ibn al-Banná' due to al-Zarqàllu, see 
Toomer, 2, p.316. 
moon 13;10,34,52,48, the same as al-Khwarizmi, ibn al-Banná', and the 
Toledan Tables. 
moon (anomaly) 13;3,53,56,19 essentially the value of Ptolemy and many others, 
including the Toledan Tables. 
lunar nodes _ 0;3,10,46,57,52, close to Ibn al-Bannà' and the Toeldan Tables. 
Saturn 052,0,27,50,55, close to Ibn al-Banna’. 
Jupiter 0;4,59,7,37,54, close to Ibn al-Banna’ and the Toledan Tables. 
Mars 0;31,26,30,0,51, 
Venus (anomaly) 0;36,59,28,13,46,16, close to the value of the Ilkháni Zij (cf. 
Kennedy, Zij No.6). 
Mercury (anomaly) 3;6,24,7,55 
trepidation 0;0,0,53,20,31 


These numbers exhibit a relation to Andalusian and Maghribi astronomy, 
which is not surprising. It will be seen in the next section that al-Qusuntini’s 
planetary equation tables are simplified versions of those of al-Khw4rizmi, 
the extant version of whose zij was transmitted via Muslim Spain. Neverthe- 
less the mean motions above are independent of al-Khwárizmi's ultimately 
Indian parameters (cf. Neugebauer 2, p.93, and Burckhardt.). 

On f. 50r (and again on 53r) the following list of apogee longitudes is given, 
with no date ( a superscript s denotes a zodiacal sign, i.e. 309): 


Saturn 78 29-430 
Jupiter 5 9:43 
Mars 4 2313 
sun 2 11719 
Venus 2 11:19 
Mercury 6 18:24 


A marginal note, apparently in the same hand as the text, says that the 
distance from the apogee of Mercury to that of the sun is 45 1:80. In fact, since 
2s 1711960 + 48 1;89 = 68 18;279, the statement is almost correct. Since in the 
Arabic alphabetical numeral system the symbols for 4 ( >) and 7 (3 ) are easily 
confused, restoration of Mercury’s apogee to 65 18:279 would make the note 
correct. 

For the three superior planets the distances between their apogees is exact- 
ly the same as those in al-Battani’s zij (Nallino, vol. 1, p.241). But al-Qusun- 


Vill 


INDIAN ASTRONOMY IN FOURTEENTH CENTURY FEZ ll 


tini's whole set of apogees is a rounded off version of Ibn al-Bannà's, which 
is given to seconds (Vernet 1). 

It is worth remarking that 25 16;44,175, the position given for the solar 
apogee at the Hijra epoch (on f. 49r, cf. Azarquiel, p.352) is very close to the 
25 16;45,219 used by Ibn al-Kammad, a student of al-Zarqallu (Toomer 2, p. 
321). It is possible that the discrepancy is due to a difference in the calculation 
of precession. 


4. Planetary Equation Tables 


By and large, these tables are, for al-Qusuntini, the same as the analogous 
ones in the Khwarizmi zij (Suter 2, pp.132-167), except that, whereas in the 
latter the entries for sun and moon have been carried to seconds, in the former 
they have been truncated (not rounded) to minutes. Thus the solar and lunar 
tables have been calculated by the “method of declinations’’: 


€ = Cmax. 8(x)/e , 


where e is the equation, 3 the solar declination function, x the center (see 
Section 5 below and the accompanying figure), and £ is the obliquity of the 
ecliptic. The planetary equations of the center are: 


e = emaz Sin X, 


hence were computed by the “method of sines”. The epicyclic equations are 
based on the standard eccentric model. 


center epicyclic 
sun 2:1 [4]o 
moon 4:56 
Saturn 8:3[6] 5:440 
Jupiter 5;[6] 10;52 
Mars 11313 E 40;31 
Venus 2:14 47:11 
Mercury 4:1 21130 


where square brackets around a digit indicate restorations of scribal errors. 
Of these there are a good many. For instance, by plotting each of the ninety 
entries in the solar equation table it can be shown that about a dozen of them 
are erroneous. 

The numbers cited above are standard parameters of Indian astronomy. 
The method of declinations may be from Sasanian Iran or early Islamic; it 
is not Ptolemaic (see Neugebauer 2, pp. 95-101). 
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5. Calculation of True Longitudes 


Since the evidence upon which our further inferences are based is somewhat 
ambiguous, it will be useful to preface its presentation with a sketch of several 
ancient planetary models, to which al-Qusuntini's is related. For all these 
models the orbits of the planet and the earth about the sun can be thought 
of as represented by two circles, the deferent and the epicycle shown in the 
figure below. Which circle stands for which orbit depends upon whether an 
inner or outer planet is being considered. Without essential loss of generality, 
the figure and the discussion below are taken to be for an outer planet. 


An eccentric (non-equant) model 
for planetary motion. 


The simplest (and earliest) of the models described has the earth at the 
center of the deferent. The planet advances along the periphery of the epicycle 
at constant speed whilst the epicycle center traverses the deferent with a 
different constant speed. At any instant the locations of the epicycle center 
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and the planet on the epicycle are given by two linear functions of time: 2, 
the mean longitude, and « , the argument of the epicycle anomaly. Then the 
true longitude is 


(1) À = A+ o(a), 


where o is the epicyclic equation. Note from the picture that c causes periodic 
variations in A’s rate of change; alternately À leads à, then lags behind it. 

At some time it was realized that (1) is too simple to yield precise predic- 
tions of position for planets. The deferent was made eccentric, its center being 
displaced from the earth. This caused a second periodic irregularity in the 
planet’s motion, u (x), the equation of the center, where x = À - A, is the 
center. 4, is the solar mean longitude. 

The addition of the second equation greatly complicated the calculation 
of true longitudes. The two equations cannot simply be added algebraically 
to À because they interact with each other in a complicated manner. For one 
thing, the initial point from which the argument is measured, the epicyclic 
apogee, oscillates back and forth with respect to its fixed position in the simple 
model. And secondly, the distance from earth to epicycle also varies. When 
the epicycle retires from the earth, its effect is diminished, and conversely. 

Tables of the c and u functions were prepared, the arguments « and x 
being determined from the mean motion tables. Neither equation is in principle 
symmetrical with respect to an « or x of 909. Nevertheless it was customary 
in Indian and Sasanian Iranian astronomy to use for » a sine wave of ampli- 
tude Umax for each planet. In addition to the equation tables, some computa- 
tional device was necessary, to give numerical effect to the interaction de- 
scribed above between the equations. 


Indian astronomers used an ingenious if complicated technique to attain 
this end. Its main lines are indicated by the expression 


(2) A= A— وس‎ + 93, 


from o, = o(a), Au = À + ko, x = x + $01, p = u (9) 08 = xi- D 
+ 4 oí, etc. The general idea was to merge the effects of the two equations 
by successively introducing half of the one into the determination of the other. 
There were variants of the basic approach, some rules halving only one equa- 
tion, and some neither. Details will be found in Neugebauer 1, and 2, pp. 23-30. 

À basic improvement was effected by Ptolemy's introduction (ca. 150 A.D.) 
of the equant, a device to introduce a periodic variation in the speed of the 
epicycle center along the deferent. After suitable modification of the u func- 
tions, Ptolemaic longitudes are calculated by the expression 
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(3) à = X— p (x) + o(a) + H(x).Ac(«), 
where oi = < + u (x), SX = x — p (x), I is an interpolation function 


varying between + 1, and Ac is the difference between c calculated at mini- 
mum and maximum epicycle distances. 

For the simple eccentric configuration illustrated in our figure a practical 
and accurate mode of determining true longitude (nowhere intimated in an 
extant text, so far as we know) would be to put 


(4) à = A - p(x) + o(«) + I(x). Ao(a’) , 
where نه‎ I, and Ac are as indicated above. 


We will seek to show that the model intended by al-Qusuntini's zij is 
(5) à= X— p(x) + o(a) A + ola’), 


where we call ^’ the modified mean. This is expression (4) with the last term 
missing. That is to say, it takes cognizance of the nodding of the epicyclic 
apogee about its mean position, but it ignores the effect on c of the varying 
epicyclic distance from the earth. 

Aside from the tables themselves, all the information upon which these 
conclusions are based is found in Section 7 of the verse introduction (beginning 
on folio 45r) which describes the calculation of à for the superior planets. The 
next section does the same for Venus and Mercury, but adds nothing significant. 

Section 7 of Qusuntini's zij is translated below. Parentheses are used to 
denote beginnings of lines in the text, and to interpolate explanatory material. 
The redundant verbiage in the text consists of words or phrases introduced 
to pad out the meter and the rhyme. 


(f.46r:20) The first of those are Saturn and Jupiter, and after those two, Mars, 
indubitably. (21) Extract the mean (2) for that situation, for any one of them 
you choose (?), along the succession (of the zodiacal signs). (22) Then, without 
fail, subtract it from the solar mean properly; (23) there will remain for you 
the argument (æ = à,- À ) in this operation. Retain it without fail. (24) Then 
subtract its apogee from the mean. There will remain for you the center (x — 
À — àa) in this style. (25) Then enter with it according to what you see for the 
center, (obtaining) its equation (u (x) ) there, for distinguishing (it). (26) Add 
it to the center, then to the mean (i.e., form x + g(x) and À + p(x) = A’, sic), 
for any planet you suppose as a condition. (27) But subtract it (p (x) ) from 
its (the planet's) argument if its center is greater than six signs — obtain it, 
(f.46v :1) but if it is less than that number (x < 6°), (do) the opposite with it, 
do not add continuously (i.e. form «' = a + u(x) algebraically). (2) Enter 
with this modified argument («‘) where you see it registered in the table, (3) 
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and obtain the epicyclic equation ( o(«’)) at its place. Look at the argument 
a second time, (4) and if you have zodiacal signs exceeding six, subtract (the 
epicyclic equation from the modified mean). Then note (5) any modified plane- 
tary mean (here à is intended) as you find it, in its resulting place. (6) But if 
the modified argument is less than your signs (i.e., if «'« 65) (7) add it (the epicy- 
clic equation) to the mean, and its place (i. e. true longitude) will be there, and 
note, it, and do not lose it. | 


Several conclusions are immediate and unequivocal. The equation functions 
are of Indian (or Iranian), provenance with no trace of Ptolemaic influence. 
On the other hand, the characteristic “‘halving of the equation" is conspicuously 
absent .The calculation of «' is described completely and correctly. The only 
objection to the adoption of expression (5) arises from the author's prescription 
of A‘ as being A" + u (x) instead of A" — u (x) as it should be. We must bear in 
mind, however, that since negative numbers were generally unknown to medi- 
eval scientists, they were often constrained to split a rule into special cases if 
a function were sometimes positive and sometimes negative. The complete 
rule would then demand addition in one case and subtraction in the other, 
or vice versa. It is possible that a complete couplet has been dropped from 
al-Qusuntini's poesy by a careless scribe. If the passage beginning with line 
25 could be restored as 

Then enter with it according to what you see for the center, (obtaining) its 

equation (HH there, for distinguishing it. [If the center is less than six 

signs, subtract the equation from the center, then from the mean. But if it 

is more than six signs] add itto the center, then to the mean... 
the rule would be (5) without flaw. Or perhaps, in hammering out his doggerel, 
the poet inadvertently left out our restoration. Àt any rate we prefer not to 
accuse al-Qusuntini of having been an originator. We suspect he obtained the 
algorism from a sequence of predecessors, including perhaps Maghribi, early 
Islamic, Indian, and pre-Ptolemaic Greek elements. The discovery of addition- 
altexts may settle theissue. Meanwhile we favor expression (5). 

It is also possible that in its original form the procedure contained some 
sort of “halving the equation” routine, as in (5), which was dropped some 
where along the chain of transmission. 


6. Table of Contents of the Zij 
folio 


Introduction, with the customary praise of God, His Prophet, and 
the author's patron. 44v 
Section (fasl) 1, On Foreign (*ajam) Calendars (a description of the 
use of tables to transform a date from the Hijra to a different 
calendar) 45r 
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folio 

Section 2, On Determining the Day of the Week on Which a Given Arab 

(Hijra) Year Begins 45r 
Section 3, On Determining the Initial Day of the Week of Months of 

Foreign (Calendars) 45v 
Section 4, The Solar Equation 45v 
Section 5, On (true) Positions of the Moon and Its Equation 46r 
Section 6, On the Lunar Node 46r 
Section 7, On the (longitudes) of the Superior Planets 46r 
Section 8, On (the longitudes of ) Venus and Mercury 46v 
Section 9, Is the Planet Retrograde or in Forward Motion? 46v 
Section 10, In Explanation of Trepidation 46v 
Section 11, On Obtaining the Ascensions of the Signs Air 
Section 12, On the Degrees of Rising with the Equation 4Tr 
Section 13, On How (to determine) the Transfer (ascendant) Air 
Section 14, On the Equalization of the Houses 4Tv 
Section 15, On (first) Visibility ofthe (lunar) Crescent 4Tv 
Section 16, On Determining the Lunar Latitude 48r 
Section 17, On al-Fadl al-Muqawwam 48r 

(This seems to be a measure of the amount by which the planet 

has passed the last cardine, perhaps for finding its house.) 
Section 18, On Determining (the astrological doctrine of) the Tasyir. 48r 
Section 19, On the Determination of Eclipses 48v 
Table of the Solar Apsidal Motion 49r 


All entries are to seconds of arc. Apsidal motions are given for: 
1,2,3, ... , 30 days, 
1,2,3, ... , 12 (Hijra) months, 
1,2,3, ... , 30 (Hijra) years. 
This table is practically identical with one in the zij of Ibn al-Banna' 


(Vernet 1) found on f. 15r in the same MS. It was published in Millás, 
p- 352, see also Section 3 above. 


For the Hijra epoch Millás (ibid.) gives 25 16;44,17°. In the Escorial manus- 
cript of Ibn al-Bannà"'s zij (fol. 15r) there is a marginal note that the apogee in 
990 Hijra (—1582) is Ze 20;10,51°, which is consistent with the Hijra epoch posi- 
tion and the motion of 3;26,33¢ for 990 lunar years given in the table. A mar- 
ginal note, in the same hand, to al-Qusuntini's table (fol. 49r) gives the apogee 
in 990 Hijra as 28 20;12,27°, for reasons best known to the writer of the note. 
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Table for Extracting the Rümi Date (i. e. Seleucid epoch, Julian years) 
from the Arab (i. e. Hijra) 49v 


For 480, 510, 540, ..., 900 H the equivalent Rimi date is 


given in years, months, days, and minutes (i. e. sixtieths) of days. 
For 1, 2, 3, ... 30 Hijra years, 

1, 2, 3, ... 12 Hijra months, 

1, 2, 3, ,,, 12 Latin months (beginning with October), 
the elapsed time is given in Rümi years, months, days, and min- 
utes of days. The same table is in Suter 2, Table 3, Sedillot-pére, p. 
97, and Ibn al-Bannà'. 

A Table of Signa (initial weekdays) of the Arab (i.e. Hijra) Years and their 
Months, and the Apogees 50r 
The entries are changes in the signa for: 

30, 60, 90, ..., 210 years, 

1, 2, 3, ..., 30 years (not in order). 

1, 2, 3, ..., 12 Hijra months. 


There is a table of planetary apogees, to minutes of arc, 
transcribed and discussed in Section 2 above. The list is 
repeated at the top of f.53r. The same table is in Suter 2, 
Table 2, and Ibn al- Banna’. 


A Table of Signa of the Foreign (^ajamiya) Months in the Calendar of 
tke Two- Horned (Alexander, i.e. Rimi) 50v 


This is a rectangular, double argument table, in which the entries 
are signa, and the arguments are: 


1, 2, 3, ... , 27 (Julian) years (since 28 = 7 days/week 
x 4, the leap cycle) 


and Oct., Nov., Dec., ..., Sept. 


The leap years are also indicated. This table is also in 
Suter 2, Table 3a, and Ibn al-Banna’, 


Table of the Solar Mean Motion in Hijra Years, for Noon at the City of 
Fez 51 


A]l entries are to seconds. Motions are given for: 
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folio 
1, 2, 3, ..., 30 days و‎ 
1, 2, 3, ..., 12 Hijra months, 
L 2, 3, ..., 30 Hijra years. 
Positions are given for 
600, 630, 660, ..., 990 H. 
Tables of Lunar Mean Motion, Anomaly, and Nodes 51v-52v 
Layout, arguments, and precision as for the sun. 
Tables, Mean Motion of Saturn, Jupiter, and Mars 93r-54r 
Layout, etc., as for the sun. 
Tables, Anomalistic Argument of Venus and Mercury, as for the 
sun. 54v-55r 
Table of Hourly Planetary Mean Motions 55v 


Entries are to seconds, for 1, 2, 3,... 24 hours, for the sun, 


moon, lunar anomaly, lunar nodes, Saturn, Jupiter, Mars, and the 
anomalistic arguments of Venus and Mercury. 


Table of the Motion of Trepidation 56r 
Layout, arguments, and precision as for the mean sun. 
Table of the Solar Equation 56v 


Entries are to minutes of arc for each degree of the ar- 
gument. The function is discussed in Section 3 above. 


Table of the Lunar Equation 56v 


Same layout, arguments, and precision as for the solar equa- 
tion. See Section 3 above. 


Table, The Anomalistic Equation of Saturn Sir 


Entries are to minutes of arc for each degree of the ar- 
gument .The function is discussed in Section 3 above. 


Table Equation ofthe Center, for Saturn 


Qi 
e) 
له‎ 


Domain of the argument and precision of entries is 5 
for the other equation of Saturn. See Section 3 above. 
Tables, Equations of the Anomaly and Center, for Jupiter and Mars 5Tv-58r 
Layout, arguments, and precision are as for Saturn. 
Tables , Equations of the Anomaly and Center, for Venus and Mercury, 


as for Saturn. 58v-59r 
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Table of First Stations of the Five Planets (see Kennedy 1, p.142) 59v 
Entries are to minutes of arc for argument 6°, 12°, 189, ..., 180°. 
Essentially this is the table of al-Battàni (Nallino, vol. 2, pp. 
138-9), hence originally from Ptolemy's Handy Tables. See also 
Suter 2. 

Table, Equation of the Trepidation Motion 60r 
Argument range: © = 1°, 2°, 39, ..., 3600. 

Entries, to minutes, are close to 10;45 sin O, Thabit (in Vernet 1, p, 
9], note 182 and p. 92, note 187) has a maximum of 10;45°, and al- 
Marrákushi (in Sédillot-pére, p. 131) has 9;59°. 

Table of Right. Ascensions 60v 
Entries are to degrees (sic) for each degree of the argument. The 
Function is in fact the normed right ascension function, A o( 4)- 90°, 
commencing with Capricorn. 

Table of Oblique Ascensions for (the latitute of) Fez 61 
Layout and precision as in the preceding table, except that this 
commences from Aries. 

Table of Evening Lunar Crescent Visibility, 6lv 


transcribed below. The same table appears in Paris MS B.N. Or. 
2513, f. 71v, of the thirteenth-century Egyptian Mustalah Zij: 
f. 58v of an unnumbered Maghribi astronomical manuscript in 
the Museo Naval de Madrid; MS Cairo Dûr al-Kutub MM 23,f. 9r, 
ofasmallzij compiled in Cairo ca. 1700; MSS Milan Ambrosiana 
C82, front flyleaf, and Escorial ar. 966, f. 192v of a redaction 
of the astronomical tables of the late-fifteenth-century Spanish 
Jew Abraham Zacuto (see note 15 to Section 2) prepared in 
Istanbul in the early sixteenth century; and in MS Cairo TM 
119, f. lr on the title folio of an Egyptian copy of an early Iraqi 
astrological treatise. 


The table from al-Majriti's recension of al-Khwáàrizmi's zij inves- 
tigated by Kennedy d Janianian is unrelated to al-Khwáàrizmi. It is 
also found in MS Hyderabad Andea Pradesh State Library 298 of the 
zij of Ibn Ishàq (see note 9 to Section 2) where it features as table no. 
160. Here the table is attributed to an individual called al-Qallas, whose 
name is new to the literature. This table is computed for a latitude 
in northern Spain. Al-Khwarizmi's table for Baghdad is contained in 
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MS Paris B. N. ar. 6913, f. 102r of al-Zij al- Riqant, an eleventh-century 
compilation; MS Escorial ar. 927, f. 6r of the anonymous recension of 
the ninth-century Mumta^an Zij; and MS Cairo TFF 11, f. 61r of the 
eleventh-century Persian astrological handbook entitled Rawdat al- 
munaiJimin. 

Each of these tables is investigated in a forthcoming study by the 
second author on early Islamic tables for determining lunar crescent 
visibility. 


ZODIACAL CLIMATES 
SIGNS 34 4th 5th 


Aries 
Taurus 
Gemini 
Cancer 
Leo 
Virgo 
Libra 


Scorpio 


Sagittarius 


Capricorn 
Aquarius 


Pisces 


Table of Lunar Crescent Visibility, f. 61v 
folio 
Table of Eclipses 62r 


There are in fact two tables, transcribed below, one for lunar, 
one for solar eclipses. For each there are two arguments: 


1, 2, 3, ..., 11, distance between moon and node, 
12, 13, 14, 15, deg./day lunar motion. 


Entries give the eclipse magnitude in integer digits. 
This is a garbled version of a table given by Ibn al- Banna’. 
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True — * X lunar motion 
Amount of the sun's EES 
eclipsed 


digits digits digits digits 


True daily lunar motion 


and 


eclipsed 


12 13 14 15 
Amount of the moon's body 


Dist. betw. moon 
Dist betw. moon 


digits digits digits digits 


m 
t3 
= 
t3 
kel 
9 
m 
t2 


بم 
t3‏ 
نيم 
N‏ 
m‏ 
bo‏ 
م 
Lä‏ 


e 
t3 
kel 
Lä 


سم c -10 Qt & Q t9‏ ذا 
سم b Q t9‏ صن 10- iQ E‏ 


بم 
© 


= 
© 
c o e m ين‎ RO Oo 


o o -NUG A © c 


= 
= 
بم 
= 


folio 


Table of Lunar Latitude 62v 
The argument is ^ = 1o, 29, 39, ..., 360°. 
Entries are 4;30° sin À , to minutes, the standard 
Indian method. Cf. Suter 2, Tables 21-26. 


Table of Eclipse Colors 63r 
The table is in two parts. On the right the argument is: 10', 20', 
30’, ..., 60' of lunar latitude. Entries are colors of the moon. 
On the left the argument is 5‘, 10’, 15’, ..., 35’ 
of lunar latitude. Entries are colors of the sun. 
The same table is in Tbn al- Banna’, 
Colophon (No date or name is given). 63v 


NB — Plates on pp. 22 to 4I have been omitted in this reprint. 
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Azzawi 


al-Battani 


Brieux & Maddison 


Brockelmann 


Burckhardt 


Cairo Cat. & Survey 


Colin & Renaud 


Djebbar 


DSB 


Goldstein 1 


Gunther 


Hartner Festchrift 


Ibn al-Banna’ 


Trani 
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Part 1: Introduction 
In this paper I describe a newly rediscovered set of mathematical tables 
attributed to the tenth century Egyptian astronomer [bn Y ànus. These tables, 
which I call the Very Useful Tables after their Arabic title Kitab Gháyat al-intifa t, 
are for time-keeping by the sun and regulating the astronomically defined times 
of Muslim prayer. 


1.1. On Ibn Yunus and His Works! 


Very little of consequence is known about the life of ‘Ali b. ‘Abd al- Rahman 
called Ibn Y ünus. His father ‘Abd al- Rahman was a famous historian of Egypt who 
died in the year 958, and Ibn Yunus’ known astronomical activity dates from about 
975 to his death in 1009. Thus, it was during Ib» Yunus’ youth in Fustat that 
the Fatimids conquered Egypt and subsequently founded Cairo in 969. In the few 
biographical references which have survived, Ibn Yunus is revealed as a highly 
eccentric figure who devoted most of his life to astronomy, astrology, and poetry. 

Ibn Yunus’ major work was a Zt, that is, an astronomical handbook with 
tables,? which was dedicated to the Fatimid Caliph al-Hakim although it was 
clearly begun in the reign of his father a/-*Aziz. Unfortunately, not all of this 
extensive work is extant, but if we judge him by the parts of it which have survived 
in manuscripts in Leiden, Oxford, and Paris, Ibn Yunus stands out as one of the 
greatest astronomers and mathematicians of the Middle Ages. His works were 
virtually unknown in Islamic Spain, however, and hence were unknown in 
medieval Europe; his importance was first realized in the West in the mid- 
seventeenth century when the Leiden fragment of his Zij was investigated by 
the Dutch orientalist J. Goltus. The Leiden manuscript contains accounts of 
about one hundred observations of eclipses and planetary conjunctions, observa- 
tions made by Ibn Y nus in Cairo and by certain of his predecessors in Damascus 
and Baghdad. His purpose in presenting these accounts was two-fold. Firstly, he 
wished to justify the need for recomputing planetary parameters by illustrating 
how computations with the Mumtahan Zij of Yahya b. Abi Mansur, prepared for 
the Abbasid caliph a/i-Ma?mün about the year 810, were inconsistent with his 
own observations, and were even already inconsistent with the observations of 
certain reliable astronomers of the ninth century. Secondly, he simply wanted 
to list these observations for the benefit of future astronomers. In the first aim 
he was less successful than in the second: later astronomers in Egypt still used 
the Mumtahan Zij alongside the Hakimi Zij. On the other hand, his observational 
accounts, published by Cawssin in 1804, have been used as a source of data in 
modern estimates of secular variations in the motion of the moon and planets, 
notably by S. Newcomb (1878), and most recently by R. Newton (1970). I have 
prepared a critical text and new translation of the observational accounts, publica- 
tion of which awaits completion of the analysis. 


1 Full references to the evidence for the assertions made in this Section are to be 
found in King [1], currently being revised for publication. On Ibn Yunus’ obser- 
vational accounts see Caussin [1] and on modern computations based on the data 
contained in these accounts see Newcomb [1] and also Newton [1]. 

2 See Kennedy [1] for a survey and preliminary classification of over one hundred 
Islamic zijes, and for information on all zijes mentioned in this paper. 
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These extensive observational accounts are unique in the Islamic astronomical 
literature. Consequently, one's expectations of Ibn Yunus’ other achievements 
are high. In 1817 the French orientalist J.-J. Sédillot completed a translation of 
the contents of both of the Leiden and Paris manuscripts. This translation was 
later lost, but fortunately not before J.-B. Delambre had made a brief, though 
not always accurate, analysis of it. Studies on Ibn Yūnus were resumed by the 
German scholar C. Schoy in a series of valuable papers published between 1915 
and 1925. Schoy worked mainly from the Leiden and Oxford manuscripts, and 
his untimely death in 1925 brought studies of Ibn Y nus' works to a halt for 
almost fifty years. My own studies have involved an analysis of all three manu- 
scripts and have resulted in the location of other manuscripts containing certain 
material from the Hakim Zo hitherto deemed lost, and of other works by Ibn 
Yunus, such as an extensive table giving the lunar equation as a function of the 
double elongation and the mean anomaly, and the Very Useful Tables for time- 
keeping. 

Ibn Yunus indeed displays far more scientific initiative than, say, his pre- 
decessor al-Battani, by whose achievements Islamic astronomy has too frequently 
been judged as a mere intermediary between Hellenistic and medieval European 
astronomy. Ibn Yunus was familiar with al-Battani’s Zo. a work closely modelled 
on Ptolemy's Almagest and Handy Tables, but from references in his own Hakimi 
Zij, which is several times larger than al- Battüni's and far more detailed, it appears 
that he held the earlier Zijes of Yahya b. Abi Mansur, Habash, and al-Nayrizi, 
in greater esteem. These three works are no longer extant in their original form 
and the surviving fragments await study. In contrast, the 217 of al-Battani is 
extant in its entirety and was published by C. Nallino over seventy years ago. 

Ibn Yunus was clearly an active observer of celestial phenomena, and it has 
often been stated that he worked in a well-equipped observatory. A. Sayili (1960) 
has shown, however, that there is no evidence for this assertion, and I have no 
information which would require that his conclusions regarding [bn Y ünws' 
observations be modified.? Unfortunately, Ibn Y nus does not describe any 
observations made to derive the planetary parameters on which his tables are 
based. Unfortunately, also, the material on parallax and eclipse theory in the 
Hakimi Zu is not preserved in the known manuscript sources. Ibn Yunus’ plane- 
tary tables were held in considerable esteem by certain later Islamic astronomers, 
and they were used in Egypt, Persia, and the Yemen. Some of his parameters 
were adopted by Nasir al-Din al-Tusi in the I/khàni Zij (ca. 1260), and hence or 
directly, by CArysococces (ca. 1350); his star tables were also used by Byzantine 
astronomers. The greatest influence of Ibn Yünus' planetary tables appears to 
have been in the Yemen: each of several medieval Yemeni Zijes known to me 
contains material originally due to the Egyptian scholar. 

Most of the extant material of the Hdkimi Zî], other than the observational 
accounts and planetary tables, deals with spherical astronomy. Delambre's brief 
survey has until recently been the main study of Ibn Yunus’ impressive contribu- 
tion in this branch of astronomy; my own detailed analysis, currently being 
revised for publication, is a continuation of the studies of C. Schou Ibn Yunus 


3 See Sayili (1), 130-156. 
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generally outlines several alternative methods for solving each of the problems 
of spherical astronomy, but does not indicate how he derived them: it is my 
contention that these methods were derived from plane projections of the sphere 
rather than by spherical trigonometry. 

The tables which are the subject of the present paper constitute a work 
separate from the Hükimi Zij, but are in the main based on the theoretical 
material contained in the Zo. Indeed, a few of the tables have their counterparts 
in the Zij. The functions tabulated are spherical astronomical functions for time- 
keeping by the sun and others relating specifically to the prayer-times. In its 
entirety, the work consists of about 200 pages of tables, most of which contain 
180 entries. It is entitled Kitab Ghàyat al-intija fi ma'rifat al-dà'ir wa-f[adlihi 
wa-l-samt min qibal al-irtifaS, Very Useful Tables for Finding the Time Since 
Sunrise, the Hour-Angle, and the Solar Azimuth, from the Solar Altitude.* No two 
manuscripts of this work cuntain the same tables, and the attribution of every 
single table in the corpus to Jbn Yunus is not beyond question. 

Only one earlier table for finding time of day from solar altitude has been 
rediscovered in the manuscript sources, namely that due to the Baghdad astrono- 
mer ‘Ali b. Amájür (fl. ca. 950), whose Zu was known to Ibn Yunus. However, 
no earlier tables for regulating the times of prayer have been located yet, and it 
may be that [bn Y nus was the first to compile such tables. The subsequent fate 
of his tables—they were much plagiarized and modified in Egypt—and the 
development of similar tables by other Islamic astronomers will be discussed in 
a series of papers currently in preparation.? 

One of Ibn Yunus’ tables for time-keeping involves the effect of atmospheric 
refraction at the horizon, a topic not discussed in the extant chapters of the 
Hakimi Zij. Indeed, it was previously thought that the quantitative effects of 
atmospheric refraction were not investigated at all by the Islamic astronomers. 
I do not fully understand this table, and suspect that it is not original and that 
it is based on a garbled version of a theory originally propounded by Jbn Yunus. 
Several other medieval Islamic manuscripts deal with this topic: these are extant 
in Cairo and Damascus, but cast little light on Zbn Yunus’ theory. 


1.2. On Islamic Time- Keeping 


The science of time-keeping by the sun and stars, called ‘iim al-miqát in 
Arabic, was one of the main concerns of Islamic astronomy. Its object was twofold: 
firstly, the reckoning of time for astronomical and civil purposes; and secondly, 
the regulation of the astronomically defined times of prayer. The astronomers 
associated with the principal mosques in the main centers of Islamic culture were 
known as mwwaqqits, that is, time-keepers, and at the times calculated by them 
the muezzins would call the faithful to prayer. 

* The azimuth tables (cf. Section 3.3) are referred to as Kitab al-Samt when 
tabulated separately (as, e.g., in MS E), and the hour-angle tables (cf. Section 3.2) 
are referred to as Kitab Fadl ai-dà?ir when tabulated separately (as, e.g., in MS C). 
C. Schou was familiar with the azimuth tables: see his article Sami in EI, 

5 [t has been possible to show that Ibn Yunus’ tables and modifications thereon 
were used in Egypt until the nineteenth century. Also, the prayer-tables used in 
Syria until the last century owe their original inspiration to those of the Egyptian 
scholar. 
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The most important mwwaqqits and their works were listed by H. Suter in 
his survey of over five hundred Islamic astronomers and mathematicians and the 
works attributed to them. E. Wiedemann & F. Hauser have translated twc 
important Islamic treatises on clocks, and Wiedemann & J. Frank have presented 
a detailed analysis of the definitions of the prayer-times in Islam.” Tables for 
time-keeping by the sun and stars are not generally contained in Islamic zijes, 
whose abundance and diversity has been indicated by E. S. Kennedy is his 
survey of over one hundred known zijes* In fact, only one medieval table for 
reckoning time of day from the solar altitude has been analyzed in the literature, 
namely by B. R.Goldstein.? It is now known that such tables, and tables for 
regulating the times of prayer, exist in profusion in the vast manuscript sources 
available for the study of Islamic astronomy. For the historian of science these 
tables are of interest because of their mathematical sophistication and the accuracy 
with which they were generally computed. 

The definitions of the times for the five daily prayers in terms of the daily 
passage of the sun across the sky may be traced to the practices and injunctions 
of the Prophet Muhammad.” Each of the prayers is to be performed within a 
certain interval of time. The Muslim day begins at sunset, and the time for the 
evening prayer begins then and lasts until nightfall, or end of evening twilight. 
The night prayer may be performed any time between nightfall and daybreak, 
or beginning of morning twilight. The interval for the morning prayer begins at 
daybreak and the prayer must be completed before sunrise. The time for the mid- 
day prayer begins when the sun has crossed the meridian and lasts until the 
beginning of the interval for the afternoon prayer, namely, when the shadow of 
an object equals its midday shadow increased by the length of the object. In some 
legal schools the interval for the afternoon prayer ends when the shadow has 
again increased by the length of the object; in other schools it ends at sunset. 

The computation of the precise times of prayer involves spherical astronomy, 
and the application of complicated trigonometric formulae. The times of prayer 
expressed in modern civil time or its medieval equivalent change throughout the 
year and are functions of solar longitude. They vary also with terrestrial latitude, 
but when measured with respect to the local meridian they do not vary with 
terrestrial longitude for a given latitude. In medieval times the prayer-times were 
often determined using astrolabes or quadrants marked with special curves, and 
the day-time prayers could be regulated by means of special curves engraved on 
sundials.? However, for convenience, mathematical tables giving the lengths of 


$ See Suter [1]. Further information on some of these Islamic scholars is contained 
in Brockelmann [1]. 

? See Wiedemann & Hauser (1) and Wiedemann & Frank [1]. 

* See footnote 2 above. 

° Cf. Goldstein (1]. 

10 See, for example, the article Mikat by A. J. Wensinck in EI, and the relevant 
hadith (Prophetic statements) recorded by al-Baghawi (d.ca.1125), translated in 
Robson (1]. I, 118-126. See also Wiedemann & Frank [1] on the definitions of the 
prayer-times in astronomical terms. 

!! On the use of the astrolabe, quadrant, and sundial in Islamic astronomy see 
respectively Hartner [1], 287-311, Schmaizl (1), and Schoy [1] and (2). 
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the intervals for each of the prayers were also prepared. In the early tables, such 
as those of Ibn Yunus, these intervals are expressed in equatorial degrees (360° = 
24 hours, and 1? =4 minutes), and it is possible to trace the development of such | 
tables through to the almanacs popular in the Ottoman Empire in which the 
earliest permitted times for each prayer are given in equinoctial hours and minutes, 
local true solar time. Nowadays, muezzins generally use the prayer-times given 
in local civil time in almanacs, calendars, and pocket-diaries, which are based on 
tables approved by the local religious authorities. 

A related problem of spherical trigonometry is the determination of the qibla, 
that is, the direction of Mecca, which defines the direction of prayer in Islam and 
is of importance for the orientation of mosques. Its determination was a favorite 
problem in medieval Islamic trigonometry. Several medieval methods of con- 
siderable sophistication have been analyzed,'? but no survey has ever been made 
of the orientation of medieval mosques. 


1.3. On the Manuscript Sources for Ibn Yünus' Very Useful Tables 


The tables exist in several manuscripts, some containing only a few tables 
from three main categories: 


4. Tables of time as a function of solar altitude. 
2. Tables of solar azimuth as a function of solar altitude. 
3. Tables for the prayer-times and auxiliary functions for time-keeping. 


The following manuscripts were used in the present study and are hereafter 
referred to by the sigla indicated: 


B: MS Berlin Ahlwardt 5753 (— Landberg 574) 
(contains material from 1, 2, and 3 in considerable confusion) 
C: MS Cairo Timüriya, rtyddiydt 191 
(contains 1 and 3) 
D: MS Chester Beatty 3673 
(contains 1, 2, and 3) 
E: MS Escorial ar. 924,7 
(contains 2) 
G: MS Cairo Dar al-Kutub, miqat 108 
(contains 1, 2, and 3) 
H: MS Cairo Azhar, falak 4382 
(contains 1 and 2) 
K: MS Cairo Dar al-Kutub, miqat 137 M 
(contains 2) 


12 See the article Kibla by A. J. Wensinck & C. Schou in EI, and also King [3], 
in which I describe a table by the fourteenth century Damascus astronomer a/- Khalil 
giving the qibla for all latitudes and longitudes. 

13 The sigla are basically the same as those used in King (1), which contains a list 
of Ibn Yunus’ works and of all known related manuscripts. 
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These seven manuscripts are described in Appendix B. MS D, copied in the 
year 1371, was the major source for the present study. Sigla of certain other 
manuscripts consulted are listed after Appendix B. Of particular relevance are 
three manuscripts (MSS CE, HA, and PH) of a work entitled Natijat al-afkàr 
by an individual named ai-Làdhiqi.* Besides a short introduction and simple 
tables for calculating solar longitude, most of the numerous extant manuscripts 
of this work which I have inspected contain Ibn Y ünws' prayer-tables and tables 
of auxiliary spherical astronomical functions; also, certain tables related to 
those of Ibn Yunus are to be found only in the three manuscripts of this work 
mentioned above. The location in the manuscript sources of all the tables analyzed 
in Part 3 is indicated in Appendix A. 


Part 2: Preliminary Remarks on the Analysis 
2.1. Notation Used in the Analysis 
The following notation is used freely in the sequel. The Arabic expressions for 


the various functions tabulated by Ibn Yunus are shown in parentheses and are 
taken from MS D unless otherwise indicated. 


Latin 
a azimuth, measured from the prime vertical 
(samt) 


—, relates to the earliest time for the afternoon prayer 
—, relates to the end of the time for the afternoon prayer 
D semi diurnal arc 
(ntsf al-qaws) 
f _ half-excess of daylight, t.e., excess of half daylight over 90? 
(fadi nisf al-nahàr or nisf al-fadia) 
g ratio of Vers D to Sin A, 
(al-nisba) (MS L) 
h altitude 
h, solar altitude at the beginning of the time for the afternoon prayer 
(trttfaS awwal waqt al-‘asr) 
hy solar altitude at the end of the afternoon prayer 
h, solar altitude at the equinoxes for a given azimuth 
a Solar meridian altitude 
(ghayat al-irtifà*) 
h, solar altitude in the prime vertical 
(al-1rhifa* alladhi là samt lahu) 
h, solar altitude in the azimuth of the qibla 
(irtifa* al-shams idhà marrat bi-samt al-qibla or al-irtifa& al-muwāfiq li-samt 
al-qıbla) 
hç solar altitude in the direction perpendicular to the azimuth of the qibla 
(1rtzfà* al-shams ‘ala tarbi* al-qibla) (MS G) 


14 On al-Ládhigi see Suter (1), no. 519. The title means The Result of Reflection, 
but the word natīja also means “calendar” or ‘‘prayer-tables’’. 
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solar depression at daybreak 

solar depression at nightfall 

solar altitude in the azimuth of the ventilator 
(1rifà€ samt al-bàdahanj) 

length of the seasonal day hours 

(azmûn ai-sáat) 

relates to the ascendant (horoscopus) 


horizontal variation 
(tkhtilāf al-ufq or hissat al-samt) (MS L) 


terrestrial longitude 
relates to upper midheaven 


length of darkness 
(jawf al-layl) 
nocturnal arc 
(qaws al-layl) 


azimuth of the qibla, measured from the meridian 
(samt al-qibla or inhiraf al-qibla) 


q relates to the © 


relates to the direction perpendicular to the gzbla 

duration of morning twilight 

(hissat (twi) al-fajr) 

relates to morning 

sexagesimal base (60) 

(al-jayb al-a‘zam) (MS L) 

duration of evening twilight 

(hissat (mughib) al-shafaq) 

relates to evening 

hour-angle 

(fadl al-da^ir) 

time from midday to the beginning of the time for the afternoon prayer 
(al-dà*ir min al-zawal 218 awwal waqt al-*asr) 

time from midday to the end of the afternoon prayer 

hour-angle when the sun is in the azimuth of the qibla 

(fjadl al-dà*ir li-nisf al-nahar min irtifa* samt al-qibla) 

hour-angle when the sun is in the azimuth perpendicular to the azimuth of 
the qibla 

(al-mádi min al-zawal ilā hayth takin al-shams ‘ala tarbi* al-qibla) (MS G) 
time since sunrise or remaining until sunset 

(dà^ir) 

time from the beginning of the afternoon prayer to sunset 

(al-bagi min awwal waqt al-‘asr ila l-ghurüb) 
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T, time from the end of the afternoon prayer to sunset 
T. time from sunrise to the time when the sun is in the azimuth of the qibla 
T, time from sunset to the salam 
(al-d@ir min al-ghurib li-l-salam) (MS G' 
T, time from sunset to the tafy in Ramadà: 
(al-d@ ir li-I-ta]y fi Ramadan) (MS G) 
—, relates to ventilators 


x independent variable 


Greek 
a right ascension 

(ai-matàli* fi l-falak al-mustagim) (MS L) 
a normed right ascension 
(al-matali‘ min awwal al-jady) (MS HA) 
oblique ascension of the ascendant at daybreak 
oblique ascension of the ascendant at nightfall} 
(matali mughib al-shafaq al-ahmar) (MS HA) 
a, Oblique ascension of the ascendant at the salam 
(matàli* al-salam) (MS HA) 
oblique ascension for latitude © 
(al-matàli* al-baladiya) (MS L) 
B ecliptic latitude 

(Sard) (MS L) 


ó solar declination 
(mayl al-shams) 
4 stellar declination 
(bu d) 
AD correction to half daylight for horizontal refraction 
(daqà?iq ikhtilàf ma bayn al-ufqayn) (MS G) 
Ah distance between true and visible horizons 
€ obliquity of the ecliptic 
(al-mayl al-a‘zam) (MS L) 
0 independent variable 


À ecliptic longitude, solar longitude 
(daraja, darajat al-shams) 
A solar elongation from the nearer equinox (see Section 2.2) 
—, relates to the salam before daybreak 
—, relates to the tafy in Ramadan 
œ terrestrial latitude 
(“ard al-balad) 


v rising amplitude, ortive amplitude 
(sa at al-masAriq) 
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Miscellaneous 


^» approximately equals 
8 complement to 90? 
(tamam al-qaws) (MS L) 
;, Sexagesimal semi-colon and commas 
A* opposite point on ecliptic 
(al-nazir) 


The medieval functions: 
Sin, Cos, Tan, Cot, and Vers 


are to base R = 60, unless otherwise indicated.» Their arguments were thought 
of as arcs on a circle radius R, not as angles. 


2.2. On the Format of the Tables 


All of the functions tabulated, except the arc Sine, have solar longitude as 
argument (‘adad). Values are given to two sexagesimal digits for each integral 
degree of argument, unless otherwise indicated. All entries in the tables are written 
in standard Arabic abjad notation. The units are sometimes indicated at the 
head of the columns, thus: 7 for daraj (degrees), q for 4492019 (minutes). The 
sexagesimal semi-colon and comma used in the analysis have no counterpart in 
the manuscripts. The notation for zero is m (see Fig. X1), which may be added to 
the examples listed by R. 6 

Fig. X4 shows two facing pages of MS D, on which are tabulated the time since 
sunrise and hour-angle for solar altitude 14? for each degree of solar longitude. 
The format of these tables is of some interest, and I do not know whether it was 
originally devised by Jbn Yünus or adopted by him from some earlier source." 

All of the tables in the Very Useful Tables are arranged as concisely as the 
symmetry of the tabulated function allows. (This is in contrast to the convention 
followed in the azimuth and altitude tables in the Hakimi Zî], where the functions 
are tabulated for each degree of solar longitude, in twelve columns of thirty entries.) 
For functions which are symmetrical for solar longitudes 


0° > 2-290” and 90° > 2 180“ 
and symmetrical for 


1809<24<270° and 270° <4<360°, 


15 Thus Sin # = 60sin #, Cos 2 = 60 cos 9, Tan 9 = 60 tan à, Vers à = 60 — Cos 9 = 
60 (1 — cos 2), etc. On the medieval Islamic convention see Wiedemann [1], I, 564—577; 
Kennedy [1], 139-140; and King (1], 60-65. | 

16 See Irani [1]. 


V This same format is found in the tables of the length of the seasonal day-hours 
and length of daylight in equinoctial hours contained in the manuscripts of the Zijes 
of Yahya b. Abi Mansur and Habash, both of which works were known to Ibn Yunus. 
It has not yet been established, however, that these tables are original. Cf. Kennedy 
[1], 132 (no. 51) and 126-127 (nos. 15 and 16), on the manuscripts. 
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the format of the tables is as follows, with the names of the zodiacal signs written 
in words. (See also Tables X1 and X2 in Section 2.5.) 


Argument 


Argument du b 63 
Y v D 


The entries for the first three signs starting with Aries are to be read down- 
wards with vertical arguments 1? to 30? in the first three columns, and those for 
the second three signs are to be read upwards with arguments 0? to 29? in the 
same columns. The entries for the solar longitudes in the southern signs are 
similarly arranged in the second three columns. The values of the function for the 
equinoxes must be found by interpolation.? (That this scheme of tabulation 
caused some confusion amongst later users is apparent, for example, in a rather 
corrupt version of the azimuth tables (MS B. 1v-10r) where the argument is 
given as 1? to 30? for all zodiacal signs.) I denote the argument in these tables 
by 4’(6 Z 0). Where the functions tabulated are symmetrical for solar longitudes 
in all four quadrants of the ecliptic, as is the case with the solar declination, rising 
amplitude, and half-excess of daylight, three columns of thirty entries each suffice 
to display the functions for all longitudes. I denote the argument in these tables 
by X. 

2.3. On the Recomputation of the Tables 


All of the mathematically significant tables in the original work have been 
recomputed electronically, with the same format and precision.!? The recomputa- 
tion revealed a remarkably high level of computational accuracy on the part of 
Ibn Yunus. For each table described in Part 3 an extract is given in Part 5 in 
such a way as to convey some idea of the accuracy with which the tables were 
originally computed. [bm Yunus’ values are generally accurate or in error by 
+ 14 or + 2 in the second digit. In some tables larger errors occur, often in patterns. 
Variants between the manuscripts are, in general, attributable to copyists' errors. 
There are, however, exceptions to this. Tables X1 and X2 show values of a 
particular function tabulated both in the Hákimi Zi; and the Very Useful Tables: 
they were clearly computed separately. For each entry which is not accurately 
computed, I show the error in the second sexagesimal digit in square brackets 
after the entry. The errors are computed according to the convention 


error — (value in text) — (recomputed value). 


18 The table of A, (A) in an anonymous Z?j based on Ibn Yunus (MS PB. 49r) has 
arguments 0? to 29? downwards and 1? to 30? upwards. Thus no values appear in the 
table for the solstices. The table of 4,(A) in the same Zi; (MS PB. 54r) has the same 
format as those in the Very Useful Tables. 

1? On the recomputation of medieval tables see, for example, Kennedy [2]; 
Gingerich [1]; and King [1], 74-75. 


Y v x & m x 

A  ——n P ' F ——n 
1° +18; 54? 4-3; 22d —7; 40 [+1] |+20; 38 [+1] + 27 +53; 8 (41) 
2 18; 21 2; 54 7; 55 20; 36 38; 2 53; 33 

y 17:46 ]-1[ 2; 27* 8; 9([—1] 21; 11 38; 56 $3; 58 

4 17; 13 2; 0 8; 24 21; 45 39; 10 54; 22 

5 16; 40 1; 35 [+1] 8; 38 22; 19 39; 44 $4; 45 (—1] 
6 16; 7 1; 8 8; 51 22; 54 40; 19 AN 55; 9 

7 15; 34 0; 42 9; Stu 23; 28 40; 52 55; 32 [+1] 
8 15; 1 +0; 17! 9; 17 24; 3 41; 26 55; 54 [+ 1] 
9 14;29[+1] —0: 9 (4 1] 9; 29 24; 58 42; 0 56; 15 [+1] 
10 13; 56? 0; 33 9; 40 25;12[—1] | 42: 33 56; 35 

11 13;24P(+1] 0:37 9; 51 2s;47[—1] 43: 6 56; 54 

12 12; 51 1;22 [+1] 10; 1 26; 22 43; 40 [+1] 57; 12 [—1] 
13 12; 20 [+1] 1; 45 10; 10 [— 1] 26; 58 [+1] 44; 12 57; 30 

14 11; 47 2; 8 10; 20 27:33 [+ 1] 44; 45 [+ 1] 57; 47 

15 11; 16 2; 31 10; 29 28; 7 45; 17 58; 3n [— 1] 
16 — 10; 45 [+1] 2; 53 10; 37 28; 42 [—1] | 45:48 [— 1] 58; 18 [— 1] 
17 10:13 3; 15 10; 45 29:17 [~1] 46:19 [— 1] 58; 33P 

18 9; 42 3:37 10; 52 29; 52 [—1]  46;51![—1] — 58; 45 [— 1] 
19 9; 11 3; 58 10; 58 30; 28 47; 22 (—1] 58; 59 

20 8; 40 [—1] 4; 19 11; 4 31: 3 47; $4 59; 10 

21 8; 10 4; 40 11; 10 31; 38 48; 24 59; 21 [4-1] 
22 7; 41 [+ 1] 5; 0 11: 15 [+4] 32; 13h 48; 54 [—1] $9; 30 

23 7; 44 5;20 [+1] 11;19 32; 48 49; 26 (+ 2] 59; 38 

24 6; 41 5:39 ]+1[ 11:23 [+1] 33; 231 49; 55 [+ 1] $9; 45 
25 6; 12° 5; 57 11; 25 33; 59 [+ 1) 50; 24 (4- 1] 59; 51 
26 5; 42 6; 15 11; 28 34: 33 50; 5322 [+2] 59; 57 [+14] 
27 5; 14 6; 33 11; 30 35; 7 (—1] $1; 20 60; 0 
28 4; 45 6:51 [1] 11; 314 35:44 [+1] 51:48 [+1] 60; 2[—1] 
29 4; 17 7; 7 11; 32 36; 173 (—1] 52; 14 60; 4 (—1] 
30 3:50 [H1]. —7Z7;24 [+1] —11; 32 [71]. |+36; 53k [+1] +52; 41 +60; 5 


Table X1. Solar Azimuth for Altitude 30? as Tabulated in the Very Useful Tables 
(MSS D. 106r and E. 45r) 


up LI 69 X = 6 
a MSE: 56; MSD: 54 1 MS E: 23; MS D: 28 [sic] 

b MS E: 24; MS D: 26 j MS E: 17; MSD: 13 [sic] 

€ MS D: 12; MS E: 17 [sic] k MS E: 53; MS D: 56 (sic] 

a MS D: 22; MS E: 40 [sic] 1 MSD: 51; MS E: 11 [sic] 

e MS D: 27; MS E: 9 [sic] m MS D: 53; MS E: 13 [sic] 

t MS E: 17; MS D: 16 n MSE: 3; MSD: 8 [sic] 

g MSD: 3; MSE: 1 P MS D: 33; MS E: 38 [sic] 

h MS D: 13; MS E: 53 [sic] 


2.4. On a Non-Linear Interpolation Scheme Described by Ibn Yunus 


We know very little about the techniques used by medieval Islamic astrono- 


mers to compile mathematical and astronomical tables: the sources generally 
contain no information on such techniques. In the instructions to the Very Useful 
Tables no clues are given which would indicate how the entries were computed. 

Considering that the Very Useful Tables contain over 30,000 entries, it is 
reasonable to assume that /bn Yunus used some kind of non-linear interpolation 
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Table X2. Solar Azimuth for Altitude 30? as Tabulated in the Hákimi Zi; 
(MSS L. 389 and O. 124v-125v) 
(N.B. Entries are given for each degree of solar longitude: the entry for the equinoxes is 


19; 28°] 

Y x Y | a m vi 
1° +18; 54° +3; 22b —7; 39 +20; 1([—1] +37; 27 +53; 7 29° 
2 18;21 2; 54 7; 55 20; 36 38; 2 53; 33 28 
3 17; 47 2; 27 8; 10 21; 11 38; 36 53; 58 27 
4 17:14 [4-1] 2; 1E 1] 8; 24 21; 45 39; 10 54; 22 26 
3 16; 40 1; 34 8; 38 22; 19 39; 44 54; 46 25 
6 16; 7 1; 8 8; 51 22; 54 40; 18 55; 9 24 
7 15;34 0; 42 9; 4 23; 29 [+ 1] 40; 52 55;32[+1] 23 
8 15; O[—1) +O; 1⁄7 9; 17 24; 3 41; 26 55; 53 22 
9 14; 28 —0; 8 9; 29 24; 384 42; 0 56; 14 21 
10 13; 56 0; 33 9; 40 25; 13 42; 33 56; 35 20 
11 13; 23 0; 57 9; 51 25; 8 43; 6 56; 54 19 
12 12; $4 1; 21 10; 1 26; 23 [+1] 43; 39 57; 13 18 
13 12; 19 1; 45 10; 11 26; 57 44; 12 $7; 31 [+1] 17 
14 113 47 2; 8 10; 20 27;33 [+1] 44; 44 57:48 (+1] 16 
15 11; 16 2; 31 10; 29 28; 8 [4-1] 45; 17 58; 3 [— 1] 15 
16 10; 44 2; 53 10; 37 28; 43 45; 49 58; 19 14 
17 10:13 3:15 10; 45 29; 18 46; 21 [+ 1] $8; 33 13 
18 9: 42 3:37 10; 52 29;53* 46; 52 58; 46 12 
19 9; 11 3; 58 10; 59 [4-1] 30; 28 47; 23 $8; 59 11 
20 8; 41 4; 19 11; 4 34; 3 47; 54 59; 10 10 
21 8; 10 4; 40 11; 10 31; 38 48; 25 [+ 1] $9; 20 9 
22 7; 40 5; 0 11; 14 32; 13 48; 55 $9; 29 [—1] 8 
23 7; 11 5; 19 11; 19 32; 48 49; 25 [+ 1] $9; 38 7 
24 6; 41 5; 38€ 11; 22 33; 23 49; 54 $9; 45 6 
25 6; 12 5; 57 11; 25 33; 58 50; 23 59; 51 5 
26 5:43 [+1] 6; 15 11; 28 34; 33 50; 51 $9; 56 4 
27 5; 144 6; 33 11: 30 35; 8 51; 20 60; 0 3 
28 4; 48 6; S0 11; 31 35; 43 51; 47 60; 3 2 
29 4; 17 7; 7 11; 32 36; 18 $2; 14 60; 5 1 
30 +3; 49 —7; 23 ~11; 33 +36; 52 +52; 41 +60; 5 0 

m 9 9 | x = 6 

a MSL: Y 27°: 14 and mp 3°: 44 [sic] 


bMSL: w 1°: 22 and Q 29°: 18 (sic] 
° MS L: w 24°: 38 and N 6°: 33 [sic] 
a MSO: a 9°: 38 and X 21°: 33 [sic] 
e MSO: 18°: 53 and X 12°: 58 [sic] 


scheme to compute intermediate entries between certain entries computed inde- 
pendently. In this connection, it is perhaps worth noting that in Chapter 10 of the 
Hakimi Zij Ibn Yünus describes a non-linear interpolation scheme to be used for 
computing values of the Sine function.” His scheme, described in words in the 
Leiden manuscript, may be represented in algebraic notation as follows. 

20 Cf. King [1], 82-85, and Schou [4], 390—391, for a translation of the relevant 
passage. Other non-linear schemes were suggested by al-Biruni (ca. 1025) and al- 
Kashi (ca. 1420). Cf. Schoy [5], 40-41, and Kennedy (3], respectively. Ibn Yunus’ 
method is similar to a scheme used in earlier Chinese sources. C/. Kennedy [4], 438-439 
and Jwschkewitsch [1], 84-86. 
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It is required to find the values of Sin (A; ¢°) where 
0 5 م‎ 589 and 159559 
from a table giving the values of the Sine function for each 0; 30? of argument. Let 
Sin =a; Sin ;ض(‎ 30) =b; and Sin (p+1)=c. 


Now find an approximation for Sin (A; 30), say d, by interpolating linearly be- 
tween the values of Sin ó and Sin ($ + 1); thus 


d —à (a +c). 
Next define an “interpolation base” (asi al-tafdil) thus: 
4 —b —d. 


For given q, compute an approximate value of Sin (5; g) by linear interpolation 
and then add a correction 4, which is a certain fraction of 4; thus 


Sin (5; g) ~a + (c—a) +A, 
where 


_ 44(60 — 4) 
4,= 3600 A. 


(Note that 4, assumes the value zero at g =0 and 60, and the maximum value 
A at q—30.) 

This procedure defines a second-order interpolation scheme which is easily 
modified so that it can be used to interpolate between values of a function 
computed independently for, say, each 5? of argument.? I have, however, been 
unable to establish that [bn Yunus used such a scheme. 


21 Suppose that for a certain function f, 
f(5n)-—a, f(5n--5)-—5, and /(5n +10) =c, 
where n is an integral number of degrees, and 
A —b5—1 (a +0). 
Then, for 1 <r <4 and 6 Sr S9, we have 


HSn +r) =a +— (e—a) +erd, 


where 
4r(10 —r) 
& =-= d ^C 
Thus 
6, =C = 0; 21,36 =s 0; 22, 
Go = cs = 0; 38,24 850; 38, 
Cs =C, = 0; 50,24 =s 0; 50, 
and 


c, =C, =0; 57,36 =s 0: 58. 


By use of coefficients c, rounded to one significant digit the intermediate values can 
be generated with great facility, especially if one has a sexagesimal multiplication 
table (on such tables in the Islamic sources see Irani [2] and King [2], Appendix). 
This procedure, when applied to the entries for each 5? of argument in Tables X1 
and X2, yields two sets of values which are not identical with either set of Ibn Yunus’ 
values, and which are slightly less accurate. 
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There is as yet no evidence that Ibn Yunus did not compute most of the tables 
himself. However, the possibility that the services of trained calculators were 
available to him cannot be ruled out. 


2.5. On Certain Relevant Formulae of Modern Spherical Astronomy 


For the convenience of the reader I list the following basic formulae of 


spherical astronomy. 
The solar declination 6 is related to the solar longitude A and the obliquity of 


the ecliptic e by the formula 
6 —arc sin (sin e sin A). (X1) 
The modern formula for the hour-angle /(^, û, ©( is 


sin h —sin 0512 © 
cos ó cos © ! 1 (X2) 


£ = arc cos { 
When 4 —0? the hour-angle measures the length of half daylight, D. Thus 
D =arc cos (—tan ó tan 9) 
== 90° + arc sin (tan ó tan g) =90° +f, 


where f is the excess of half daylight over 90°. The time elapsed since sunrise, T, 
is therefore 


(X3) 


sin A —sin ósin © 
cos ó COS © 5 (X4) 


T—D -—1-f-rarc sin Í 


The modern formula for the solar azimuth a(h, ó, p), measured from the 
prime vertical and considered positive when the azimuth is southerly, is 
. [sinAsin © —sin ó 
a =arc sin [He (X5) 
When A =0°, the azimuth measures the rising amplitude, y (4). With the conven- 
tion that y 2 0 as ó 2 0, the formula for y is 
y =arc sin LZ" (X6) 


cos © 


It is not difficult to show the equivalence of the rules outlined in the Zij for 
determining £, D, T, f, a, and y to these modern formulae. The reader is referred 
to my analysis of the spherical astronomy in the Hakim: Zij for a discussion of 
procedures other than those of spherical trigonometry by which Ibn Y4nus' 
formulae can be derived. 


Part 3: Analysis 
The Very Useful Tables are based on Ibn Y'ünus' values of 25; 35° for the 
obliquity of the ecliptic and 30; 0? for the latitude of Cairo-Fustat (Arabic, Misr), 
where these parameters are involved. All functions are tabulated to two sexa- 
gesimal digits unless otherwise indicated. 


22 For a modern discussion of spherical astronomy the reader is referred to Smart 
[1] or Woolard & Clemence (1). 
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3.1. Auxiliary Tables of Spherical Astronomical Functions 


Several of the tables have their counterparts in the Hákimi Zij, and these 
have been analyzed in my study of the spherical astronomy of Ibn Yunus. Of the 
tables described in this Section, (a), (b), (k), and (1) give values for each degree 
of 4’; (c), (d), ..., (h) give values for each degree of 4'(óZ 0); and (i) and (j) 
give values for each degree of A. The formulae given for the functions tabulated 
are taken from the Hàkimi Zi. 

(a) Tables of solar declination, ó (A), with values to seconds (MS D) as in Chap- 
ter 11 of the 227, or rounded to minutes (MS HA). The solar declination is deter- 
mined by 

à (4) =arc Sin {=e "x 


and in Ghapter 11 of the 277 Ibn Yunus tabulates 


(1) 


a: Sin e 
— n=1,2,..., 60 


to facilitate the computation of ê (A). In an independent work entitled the Kitab 
al-Mayt, Ibn Yümus tabulated the solar declination to four sexagesimal digits for 
each minute of 4', also giving differences to be added for each second P 

(b) Table of the half excess of daylight, f(A), as in Chapter 15 of the Zo, but 
with values rounded to minutes. This function is defined by 


Tan ó(4) Tan 2j 


f(A) =arc Sin Í 2) (2) 


and in Chapter 13 of the Zi; Ibn Yunus tabulates Tan ó(2). 


(c) Table of the solar meridian altitude, #, (A). This is easily computed by 
means of the formula 


ha (A) = + 6(A). (3) 
Cf. the graph of A, (4) in Fig. 4 (a =90°). 
(d) Table of the half diurnal arc, D(A), based on the formula 


D(A) =90° +f(A) (f£03asó20) (4) 
(e) Table of the nocturnal arc, 2N (4), based on the formula 
2N (A) 2360? —2D (4). (5) 


The two tables in MS D were computed from separate tables of D(A), since the 
entries differ by as much as 0; 4? in isolated places. 


(f) Table of the length of the seasonal day hours in equatorial degrees, h(a), 
as in Chapter 15 of the Zo, with values rounded to minutes. 

(g) Table of factors for converting equatorial degrees to seasonal day hours, 
with values in minutes and seconds. This function is the reciprocal of 4 (2). 


(h) Table of the length of daylight in equinoctial hours, computed by dividing 
the diurnal arc, 2D, by 15. 


23 See King [1], 96-99 on these tables. 
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(i) Table of normed right ascensions (measured from Capricorn 0°), as in 
Chapter 13 of the Zij. The function tabulated is « (4) + 90°, where 
. Í Tan ó (A): R Š 
a (4) =arc Sin a for 490°. (6) 


(j) Table of oblique ascensions, a, (A), for p =30°, as in Chapter 14 of the Zi. 
The function tabulated is calculated by means of the formula 

a (A) =a (A) —f (2). (7) 

(k) Table of the solar rising amplitude, y (A). MS D.84r has values to seconds 


as in Chapter 18 of the Zij. The following equivalent expressions for y are given 
by Ibn Yünus in the Zij. 


Sine Sind 


. [Sinó-R š R 
y = arc Sin Uu } =arc Sin R  — — 
? Cos © (8) 
TERT sin Í Sin (mary) Sin 4 } 


Fig. 5 shows how y varies with A (h =0°). 

(1) Table of the solar altitude in the prime vertical, A, (4) (ó > 0 only). MS D.85v 
has values to seconds as in Chapter 18 of the 227, but the tables in the other sources 
with values to minutes contain numerous copyists' errors. The following equivalent 
expressions for / are given in Ibn Yunus’ Zij; 


inó-R = R 
ho = arc Sin PELA arc Sin R 
? Sin 9 (9) 
a { Sin (man! hç) Sin 2 ) 
Fig. 4 shows how hy varies with A (a =0°). 
(m) Table of arc Sines, with arguments 1, 2, ..., 60 and corresponding arcs 


given in degrees and minutes. There is no such table in the Hakimi 27, but a 
corresponding table in the Yemeni Mukhtar Zi], MS LA.169v, a work which 
contains many of Ib» Y ünus' tables, has values to two sexagesimal digits for 
each 0; 30 of argument. In an independent work entitled the Kztab al-Jayb, Ibn 
Yunus tabulated the Sine function to five sexagesimal digits for each minute of 
arc, also giving differences to be added for each second of arc.?* 


3.2. Tables of Time Since Sunrise and the Hour-Angle* 


These tables give T (h, A) and £(h, A) for each integral degree of solar altitude 
up to the maximum 85? and each degree of solar longitude, A' (óZ 0). There are 


24 See King [1], 85-89. On Ibn Yunus’ extensive tables for the tangent function 
see footnote 41 below. 

25 The Arabic term dar (min al-falak) literally means "that part (of the celestial ' 
sphere) which has revolved”’, and it is measured in equatorial degrees. I have rendered 
it by the phrase “time since sunrise". Further, I use the modern expression ''hour- 
angle” for the Arabic fadi al-d@ tr, literally "remainder of the dar”, which is also 
measured in equatorial degrees. Ibn Y inus thought of both functions as arcs of the 
celestial equator. 
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no such tables in the Hakim Zij. In MS D the tables of both functions for a given 
altitude generally occupy two facing pages of the manuscript. In MS C only : is 
tabulated, and in MS B the functions are tabulated separately. In MS G triplets 
of entries for T and £, as well as a (^, A), the solar azimuth, are given. 

When the sun does not reach a given altitude for certain solar longitudes, no 
entries are given in the table for those longitudes. Thus, for altitudes of about 60° 
and above, the entries for more than one altitude can be tabulated on a given 
pair of facing pages. 

The tables of T (ñ, 4) might have been computed by a method implicit in 
Chapter 15 of the Hakima Zij. I suspect that Ibn Yunus tabulated the function 

R? 


8(4) = cos 5(3) Cos e (10) 


called by him simply the ratio (nisba), and actually the ratio of Vers D(A) to 
Sin 5, (A). For each integral value of # we then form the product 


P (h, A) = Sin k - g (2) (11) 
and then, if / is the half-excess of daylight, T can be found by means of the formula 
T (k, A) =f (A) +arc Sin{ (h, A) — Sin/ (4))- (12) 


The operations are readily carried out since both / (4) and Sin /(4) are tabulated in 
Chapter 15 of the HakimiZij.? Formula (12) is trivially equivalent to formula (X 4). 
A formula for £(h, A) not stated in the Hakimi Zij, but outlined in an anonymous 
Zij related to that of Ibn Y unus, MS PB.62v, is the following: 


Vers £= Vers D(A) —g(A)- Sink 


= Vers D(A) — 2? (^, A). (13) 
Note that since 
Vers i = R — Cost 
and 


Vers D = R — Cos D = R — Cos (90? + f) = R + Sin f, 
formula (13) is trivially equivalent to formula (X2). 

For a given value of #, the values of T or ¢ can thus be found by means of very 
simple operations. Clearly, if either T or ¢ is already computed, the other can be 
found without difficulty since their sum D(A) is already tabulated (cf. Section 
3.1 (d)). 

It is often stated that Ibn Yunus was the first to propound the so-called 
prosthaphaeresis formula 


cos © cos ó =} {cos (p — ó) + cos (p + 9)) 


(to facilitate the computation of the hour-angle from the solar altitude). This 
assertion is incorrect and can be traced to Delambre’s misunderstanding of the 
material in Chapter 15 of the Hakimi Zij.” 


% The reverse procedure for finding A from T is outlined in the Hakim? Zij, and 
there is some evidence that [bn Yunus tabulated the function g(4). See further King 
[1], 31-32, 132-133, and 151-152. 

T See King [1], 144 and 146. 

? See King (1], 7 and 149 for a further discussion of this. 
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Fig. 2. Hour-angle as a function of solar longitude, for altitudes 10°, 20°, ..., 80°. 


Figs. 1 and 2 show the behaviour of the functions T (à, A) and ¢(h, 4) for 10? 
intervals of # and all solar longitudes. 


Tables for reckoning time from solar altitude were fairly common in the 
Islamic Middle Ages, but in most of the tables known to me the arguments are 
the instantaneous solar altitude and the meridian altitude. The only tables known 
to me in which the arguments are solar altitude and solar longitude are those of 
al-Khalili (ca. 1375) for the latitude of Damascus,” an anonymous Yemeni 


2 These are contained in MSS CQ, PF, and DB. On al-Khalili see also King [2] 
and (3]. 
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astronomer for Ta‘izz, Yemen, and Salih Effendi (ca. 1750) for Istanbul.33 The 
tables of al-Magdisi (ca. 1300) for Cairo were apparently plagiarized from those of 
Ibn Yünus.?* 


3.3. Tables of Solar Azimuth 


These tables give a (^, 2), measured from the prime vertical, for each integral 
degree of solar altitude up to the maximum 83? and each degree of solar longitude 
A (620). In the Hakimi Zij there are tables of a(A) for altitudes 30° and 35°: 
no reason is given for choosing these two altitudes.?? The two tables in the Zo 
are slightly more accurately computed than the corresponding tables in the other 
sources. See further Section 2.3. 

In the margin of the tables in MSS D and E for altitudes 1? to 53? it is stated 
for which solar longitudes the azimuth changes from north to south for that 
particular altitude. In MS B the change in direction is more crudely indicated. 
In the margin of the tables for altitude 54? in MS D we find the comment that 
"there are no more azimuths in the north for this altitude and those above it.” 
When, for certain longitudes, the sun does not attain a given altitude, the entries 

.in the table are left blank. For altitudes of about 60? and above, the entries for 
more than one altitude can be tabulated on one folio. In MS E, for a given 
altitude, the meridian altitude is given for the longitude whose azimuth is closest 
to 90°. Thus, in the tables for altitude 37°, the last significant entry in the right- 
hand side of the table is an azimuth of 87; 3? for Sagittarius 17? and Capricorn 13°. 
The next and final entry is given as 0; 0°, which does not mean due east or west, 
but that the sun does not attain the altitude 37? for Sagittarius 18? or Capricorn 
12°. The meridian altitude is accurately stated as 37; 3, 22? for the solar longitudes 
having azimuth 87; 3°. The purpose of giving this detail is not clear to me. 

In MS D the entries for altitudes 81?, 82°, and 83° are garbled. This manuscript 
also has entries for altitudes 84° to 88° (MS K has entries up to 86°), which are 
meaningless since the maximum altitude is 83; 35? for Ibn Yunus’ parameters. 
I suspect that the last page of Ibn Yunus’ original azimuth tables was either not 
completed or lost, and that these additional entries were added by some incompe- 
tent astronomer later. In MS G the entries for altitudes 81°, 82°, and 83° have 
been corrected by an individual named al-Rashidi. See further the descriptions 
of MSS G and K in Appendix B. 

It seems reasonable that Ib» Yunus would have calculated the values of 
a (h, A), which are very accurate and seldom in error by more than +1 in the 
second digit, using a method described in Chapter 20 of the Hàkimi Zij, and 
already known to his predecessors Habash and al-Battani. This involves the 


39 These are contained in MS MB. 

31 These are contained in MS ZD, one of the largest sets of astronomical tables 
from the medieval period, with over 80,000 entries. 

3 On ai-Maqdisi see Suter (1), no. 383. I have examined MS CO, which contains 
Ibn Yunus’ tables of T, t, and a as functions of 4 and A, and also the instructions to the 
Very Useful Tables, introduced in al-Magdisi’s name. See also the description of 
MS G in Appendix B. 


33 See King [1], 199-200. 
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Fig. 3. Solar azimuth as a function of solar longitude, for altitudes 10°, 20°, ..., 80°. 

The curve for altitude 0? represents the solar rising amplitude. 


formula: 24 


a (h, A) = arc Sin s الا‎ ES 


where k is a function widely used in Islamic azimuth calculations, referred to 
here as the horizontal variation (Ibn Y ünus uses the expression ikhtilāf al-ufq),35 
and y is the solar rising amplitude. These two functions are defined by: 


k (h) =n hone Se ë (45) 
and 
. الى‎ Sinà-R 
Siny (A) = EC (16) 


Both EU and Sin y (A) are tabulated for the latitudes of Cairo-Fustat and Baghdad 
and for each degree of both arguments in Chapters 18 and 19 of the Hakimi Zij.” 
For a given solar altitude k and R/Cos k are. constant: thus the computation 
of a involves only three operations, an addition or subtraction, a multiplication, 
and taking an inverse Sine. Formula (14) is trivially equivalent to formula (X 5). 

The behaviour of the function a(k, A) for 10° intervals of # and all values 
of A is shown in Fig. 3. The curve for k — 0? represents the solar rising amplitude 
y (4). 

On Ibn Y ünus? tables of the solar azimuth for certain altitudes at the equinoxes 
and solstices, located as this paper was in press, see the description of MS H in 


34 See King [1], 186-187. 

3 The function (A) measures the component along the horizontal north-south 
axis of the distance traversed by a celestial body since rising. (The radius of the 
celestial sphere is taken as R.) See further King [3], note 25. 

% See King [1], 169-171 and 179-180, and also [3], notes 25 and 26. 
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Appendix B. The "azimuth tables” attributed in MS CY to the Egyptian 
astronomer Ibn al-Majdi™ (d. 1447) are basically Ibn Yunus? tables of a(h) at 
the equinoxes and solstices. Tables of a(k, A) similar to those of Ibm Y'ünus 
were computed for the latitude of Damascus by al-Halabi (d. 1455), but the 
azimuth tables of a/-Magdisi of Cairo were plagiarized from those of Ibn Y ànus.?? 


3.4. Tables of Solar Altitude in Certain Azimuths 


It is possible to find h(a, A) from the azimuth tables by interpolation, but 
Ibn Yünus compiled a set of tables for obtaining the solar altitude directly, 
and indicated as well a method for computing them. In Chapters 23 and 24 of 
the Hadkimi Zij he presents tables of h(a, A) for ten different values of a, and 
instructions for using them to determine the meridian.” MS D of the Very Useful 
Tables contains two of these tables, for azimuths 30? and 60? S. These tables 
are arranged symmetrically, like the time and azimuth tables, whereas those 
in the Zi; give values of 4 for each degree of A in 12 columns of 30 entries. 

Ibn Yunus? method for finding A (a, A), outlined in his Zij, is as follows. For 
a given azimuth a, first compute the altitude of the sun at an equinox, ke when 
it has this azimuth; thus 


Sina- R 


E g: R 
Cos p 


h, = arc Sin (17) 


i + Sin? a 


Ibn Yunus does not suggest the simpler formula! 


Sina- R 
he = arc Tan UR ç 
Next compute a “correction arc” for the solsticial points thus: 


Cos he Sine) 


C —arc Sin Í Sing 


A correction arc for general solar longitude A is then found by 


Sin C - Sin A 
كمد‎ C) (emo as 820), (20) 


and with this the solar altitude for the longitude in question is found by 
h(a, A) =A, (a) + c(4). (24) 
The various cases 220 and 620 are carefully distinguished in the text. 


c (4) = arc Sin { 


*' On Ibn ai-Majdi see Suter [1], no. 432, and King [1], 41, 45, and 143. The nu- 
merous works of this scholar deserve investigation. 

* On al-Halabi see Suter [1], no. 434. I have examined MS CQ, which contains 
his azimuth tables, tabulated with the functions ¿(A, 4) and T (^, 4) computed by al- 
Khalili (see note 29 above). The format of these tables is as in MS G (cf. Section 3.2). 

** Cf. footnote 32 above. 

4 On the tables and their use see King [1], 217-222, and for an analysis of the 
methods of Ibn Yunus and his late contemporary ai-Birüni for computing A (a, A), 
see King [1], 212-217. 

4 Ibn Yunus did not appreciate the full use of the tables of the tangent function 
which he laboriously computed for each minute of argument. Cf. King [1], 10 and 65. 
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Fig. 4. Solar altitude as a function of solar longitude, for azimuths 0° (altitude in the 

prime vertical), 27; 30° (altitude in the azimuth of the ventilator), 37° (altitude in 

the azimuth of the qibla), 60? (for determining the meridian), and 90? (meridian 
altitude). 


Thus, for each azimuth one needs first to calculate k, and Sin C, and with 
these the values of A(a, A) can be found by three simple operations. 

The tables of solar altitude in the azimuths of the qibla (see Section 3.6), 
and the ventilator (see Section 3.9), are of the same type. Fig. 4 shows the be- 
haviour of the function (a, A) for various azimuths selected by Ibn Yunus. 
When the azimuth is 0° or 90°, the sun is in the prime vertical or the meridian. 
The corresponding altitudes k and A, (see Section 3.1 (I) and (c)) are also 
shown in Fig. 4. 

MS CX? consists of an anonymous set of tables of the solar altitude A(D, T), 
computed for each integral degree of D between 104? and 76? and each integral 
degree of T such that 1?€ T < 2D. The values of y and e underlying the tables 
are those of Ibn Y ünws, and the function is also tabulated for the extremal 
values of D for these parameters, that is 104; 36° and 75; 24°. For each value 
of D the associated value of T, (see Section 3.7) is given at the head of each 
table. I suspect that the tables, which contain over 5,500 entries, were computed 
by Ibn Yiinus. 

Apart from tables of the solar altitude in the azimuth of the qibla which 
occur in later prayer-tables,9 no "altitude tables" like those of Ibn Yunus are 
attested yet in any other known Islamic sources. 


3.5, Tables of the Duration of Morning and Evening Twilight and of Darkness 


Islamic astronomers adopted various criteria for defining twilight and adopted 
various values for the angle of depression of the sun below the horizon when 
twilight begins in the morning or ends in the evening. Some also differentiated 


42 Cf. Suter (1), no. 411 for the references to the manuscript, and the description 


in Appendix B. 
43 These are attested in several sets of medieval prayer-tables currently being 


analyzed. 
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between the values for morning and evening, holding that morning twilight 
lasts a little longer than evening twilight.“ Ibn Yunus’ tables for twilight are 
associated with phenomena described as “the disappearance of the red twilight 
glow" (mughib al-shafaq al-ahmar) and “the first appearance of the true morning 
twilight glow (as opposed to the false morning twilight glow or zodiacal light) ” 
(tul&* al-jajr al-sádiq). In the morning the "true dawn" may be preceded by 
the zodiacal light, called in Arabic the “false dawn” (al-fajr al-kadhtb); it is 
the true dawn which marks the beginning of the time for the morning 5 
Ibn Yünus does not discuss twilight phenomena in his 227 but does describe 
how the length of twilight can be computed if one associates a particular value 
for the angle of solar depression with the first and last appearances of twilight 
in the morning and evening sky. 

In Chapter 16 of his Zi; Ibn Yunus suggests calculating the time from day- 
break to sunrise for a given solar longitude by calculating the time from sunrise 
to the moment at which the solar altitude is 18? above the horizon when the 
sun is at the opposite point of the ecliptic.“ In the instructions to the Very 
Useful Tables he states that to find the duration of twilight one should enter 
with the longitude of the point on the ecliptic opposite the sun in the tables of 
time since sunrise for the appropriate angle of depression taken as altitude. 
It is a little strange that he does not then refer to the special tables for twilight 
which are also contained in the work. These tables are simply the corresponding 
tables of time since sunrise with the northern and southern signs interchanged.* 
In these twilight tables Ibn Yunus uses 19? for morning twilight and 17° for 
evening twilight. There are also tables based on 20? for morning and 16? for 
evening, and the marginal comments “weak” in these two tables (MS D.10r 
and 10v) suggest that someone had used them and found them to be unsatis- 
factory. 

The parameter 18° was probably used both by Habash (ca. 850) and al-Nayrizi 
(ca. 900), and the works of these scholars were known to Ibn Yunus. al-Battani, 
on the other hand, did not discuss twilight at all. ai Birüni (ca. 1025) suggested 
18? for both morning and evening twilight, but also mentioned that some people 
used 17°.4 Amongst these was an individual named al-Qdyini, probably a con- 
temporary of al-Birini: ai-Qdyint prepared tables for the duration of twilight 
based on this parameter which have been analyzed by E. S. Kennedy & M.-L. 


** For a discussion of the Islamic definitions of twilight see Wiedemann & Frank 
[1]. For a detailed description of the stages and phenomena of twilight consult Min- 
naert [1], 268-273, and on quantitative measurements of the angle of solar depression 
at daybreak and nightfall see Hellmann [1]. 

45 On the false dawn in the Islamic sources see Wiedemann & Frank [1], 31-32, 
and Wiedemann (3). See also Minnaert [1], 290-295, for a modern discussion. 

46 Cf. King [1], 159-161. See also Schoy [3] for an analysis of the methods of both 
Ibn Yunus and Abu Alî al-Marrákushi (d. ca. 1260). 

47 See p. 379. At the head of the table of the time since sunrise for 17° in MS D. 67v 
we find the title “table of the duration of evening twilight for the opposite degree of 
the ecliptic (nazir)". On the corresponding table for 19° in MS D we find the in- 
complete title “table of the duration of morning twilight". 

4 In MS Istanbul Yeni Cami 784,2, fol. 153r and MS Escorial ar. 961,6, respectively. 
The attribution of this material to the two authors is not certain. 

** al-Biruni [1], I, 948-950, translated in Wiedemann (2), 46. 
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Fig. 5. Duration of twilight as a function of solar longitude, for angles of solar depression 
16? and 17? (evening) and 19? and 20? (morning). 


Davidian.9 A. Sabra has recently shown that the liber de crepuscults, traditionally 
associated with Ibn al-Haytham, is due to the Andalusian Ibn Mu‘adh, who lived 
in the second half of the eleventh century; in this work the parameter used is 
18°.5 In the thirteenth century al-Marrakushi used 20? and 16? for morning 
and evening twilight, and in the fourteenth century Ibn al-Shàtir used 19° 
and 17°.53 His colleague al-Khalili based his tables of twilight and darkness on 
these two parameters,5* which the fifteenth century scholar Sibt al-Máridini 
stated were the parameters used by all the professional muwaggqits of his day.55 
All of the Ottoman twilight tables which I have examined are based on these 
same parameters.* 

Ibn Yunus’ tables for the duration of twilight and darkness are the earliest 
known tables of their kind. The purpose in tabulating these times was to regulate 
the dawn and evening prayers. 


(a)-(b) The functions labelled “duration of twilight," and here denoted by r 
and s for morning and evening, respectively, are referred to by Ibn Y nus as 
"arguments" (kissa). These arguments, being parts of the nocturnal arc, are 
simply measures of time in equatorial degrees. As stated above, the tables for 
twilight are simply the corresponding tables of time since sunrise with the northern 
and southern zodiacal signs reversed. Denoting the angles of depression for 
morning and evening by k, and h,, respectively, we have 


vU) = T(h, A*) and s(2 = T(A, 4), (22) 
where A* = A 4-180?. 


50 See Kennedy & Davidian [1]. 

51 See Sabra [1]. 

52 Wiedemann & Frank [1], 13. 

53 Ibn al-Shátir mentions the values 19? and 17? in Chapter 38 of his 227, but also 
appears to have used 20? for morning twilight (Wiedemann & Frank (1), 13). Further-, 
more, a manuscript in Damascus of a work by Ibn al-Shatir gives the values 17? for 
evening and 16? for morning (cf. Khowry [1], 190). 

54 An analysis of these tables (contained in MS PF) is in preparation. 

55 Wiedemann & Frank [1], 13. On Sibt al-M āridīnī see Suter (1], no. 445. 

56 As, e.g., in Salih Effendi's prayer-tables (cf. footnote 31), and the very popular 
Ottoman almanac published in Navoni [1] and D'Ohsson (1), I, facing p. 192. 
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Fig. 5 shows how the duration of twilight varies with solar longitude according 
to the various parameters used by Ibn Yunus. 


(c) The table of the duration of darkness, # (A), was compiled by subtracting 
the entries in the tables for morning and evening twilight from the appropriate 
entries in the table of the nocturnal arc, 2N(A) (cf. Section 3.1 (e)). Thus 


"(à =2N(A) —s(A) —7() — (h—17? and h, — 19). (23) 


The length of darkness, as indicated by the title of the table in MSD, is the 
time from the beginning of the night prayer to the “true dawn." 


3.6. Tables for Determining the Qibla by Means of the Sun 


In Chapter 28 of the Hakimi Zî] Ibn Yünus computes the azimuth of the qibla 
for Cairo-Fustat, here denoted by q, to be about 53? measured from the meridian. 
His procedure for determining the qibla is mathematically sound and has been 
analyzed by C. Schou and more recently by myself. The discussion in the Zi 
concludes with a table of the solar altitude in the azimuth of the qibla, A, (A), 
based on the parameter g=52°, computed “some time ago”. The value 53° is 
based on a different value of the longitude difference between Cairo and Mecca, 
but no further information is provided about the way in which this difference 
of longitude 77356 57 


(a) The table in MS D.86v of #, (A) is based on the parameter q — 52^, and is 
compiled for each degree of longitude, that is, in twelve columns of thirty entries. 
There are numerous corrupt readings, as can be seen by checking the symmetry 
or by comparing the table with the more accurately computed one in Chapter 28 
of the Zo, which has been published by C. Schoy.5 MS D.14r contains a table 
computed for q = 53°, symmetrically arranged like the time and azimuth tables. 

These tables were no doubt computed in the same way as those analyzed in 
Section 3.4 above, and Ibn Yunus mentions in the Zi that the table there could 
be used for determining the qibla or, if that is known, for determining the meridian. 
Fig. 4 shows how h, varies with solar longitude (q = 53°). 


(b) The table in MS D for the hour-angle from the time the sun is in the direction 
of Mecca up to midday, £,, is also symmetrically arranged. It is based on ç = 53°, 
and so the appropriate solar altitudes for this azimuth are given in MS D.14r. 
Using these values and Jbn Yunus’ tables of i(k, A), I obtain more accurate values 
of ¢, than those of Ibn Yunus. The table of the time, T,, from sunrise to the time 
when the sun is in the azimuth of the qibla is easily derived from tables of f, (A) 
and D(A); this table is found only in MS C. 


(c)-(d) In MSG there are no such tables as in (a) or (b) above. Rather, there 
are corresponding tables for the solar altitude and the hour-angle when the sun 
is in the direction perpendicular to the qibla. The tables are based on g = 53°. 


57 Cf. Schoy [1], 33-43, and King [1], 256-268, especially 266, and also 327, note 11. 
H Schou [1], 42. 
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3.7. Tables for Determining the Beginning of the Time 
for the Afternoon Prayer 


Ibn Yunus’ tables are based on the assumption that the time for the afternoon 
prayer (‘asr) commences when the gnomon shadow is longer than its midday 
shadow by the length of the gnomon and ends at sunset. Thus, if the length 
of the gnomon is R=60 units, the altitude A, at the beginning of the time for 
prayer is defined by 

Cot kh, = Cot h, + R, 
so that 
h, = arc Cot (Cot h, + R), (24) 
or in modern notation 
h, = arc cot (cot h, + 1). 


The determination of the earliest permitted time for the afternoon prayer is 
not mentioned in the Hakimi Zo 9 


(a) Ibn Yünus tabulates the solar altitude, A, (4), at the beginning of the interval 
for the prayer, for each degree of 2' (620). Similar tables computed for other 
latitudes, or of the function A, (5,), occur in numerous zijes. MS C also contains 
tables of the functions 


Cot, ^, (4) and Cot,,A,(2) 


not attested in the other sources of the Very Useful Tables. 


(b) Given the values A, (A) it is not difficult to compute the values of the cor- 
responding hour-angle ¢, by using the tables of ¢(h, A). The few values I have 
calculated by hand, using interpolation in the tables of ¢(h, A), are closer to the 
accurate values that those contained in the sources. For example, the altitude 
for the sun in Gemini 1° is 40; 34°, according to Ibn Y ànus (accurately, 40; 35°). 
The hour-angles for altitudes 40? and 41? and this longitude are respectively 
54; 47? and 53; 37°. The difference is 1; 10? for 1° of altitude, and hence 0; 40° 
for 0; 34? of altitude. Thus, the required time from midday to the beginning 
of the afternoon prayer is 
54; 47° — 0; 40° = 54; 7°. 


The value in Ibn Yinus’ tables is 54; 5°, and the accurately computed value 
is 54; 7°. The table of 7, (4) in MS B has been published by C. Schou 8 


59 On the determination of the earliest permitted time for the afternoon prayer 
see Wiedemann & Frank [1], 7-10, and Schoy [1], 43-53. 

% The subject is treated in the Yemeni Mukhtar Zo, MS LA. 31v, a work based 
mainly on Ibn Yunus (cf. King [1], 46-47). Here the “end of the afternoon prayer” 
is before sunset, namely, when the solar altitude is 


h, = arc Cot (Cot h, + 2 R) 
or in modern notation 
h, = arc cot (cot A, + 2). 


This altitude, particularly in the Hanafi legal school, also defines the beginning of the 
afternoon prayer or of a second afternoon prayer. Cf. Wiedemann & Frank DL 8-10. 
% Schou [1], 53. 
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Fig. 6. Solar altitude at the beginning of the time for the afternoon prayer (^,), and 
the corresponding hour-angle (¢,), and time before sunset (T.). 


(c) The tables of 7,(A), the time from the beginning of the afternoon prayer 
to sunset, are easily derived from those of t, (4) and D(A). 


Fig. 6 shows how k, £, and T, vary with solar longitude for latitude 30°. 


3.8. Tables Relating to Institutions Associated with Prayer-Times 


A group of tables occurring in MS G, as well as in the Natijat al-afkàr of 
al-Lddhiqi, are associated with two activities called salam and tafy. It was the 
custom in medieval times to light candles (ganddil) on the minarets of mosques 
during the nights of Ramadan. The term tafy refers to the extinction of these 
candles 20 minutes before daybreak, which may have been the signal to the 
faithful that the day's fasting should begin. In Egypt today the beginning of 
the fast is called the :»sá&, and is also 20 minutes before daybreak. However, 
in MS DC.53r, at the beginning of a set of prayer-tables for latitude 36?, the 
times of the imsdk and tafy al-qanddil are different. The salam was a special 
call of the muezzin, given a few minutes before daybreak, invoking blessings 
on the Prophet Muhammad. It is clear from the following analysis that the later 
muwaqqits in Cairo were not of one mind regarding the precise times for the salam 
and tafy. 

(a) The table in MSG and MSHA of al-Ladhiqi's Natijat al-afkar, entitled 


“Time from sunset to the salam, two (equatorial) degrees before daybreak”, 
is based on the function 


T,Q)=2N() —7(4)—2° — (& = 19°). (25) 


In MS PH of al-Lddhigi’s tables the corresponding entries are 1° more so that 
the salām is assumed to be 1? before daybreak. In a later anonymous set of 
tables of this function, MS CL, computed to three digits for each 0; 6? of solar 
longitude by linear interpolation, the entries are based on those in MS PH. 
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Whilst this means the salām is 1? before daybreak, the title of the tables states 
that it is 2° before. On the other hand, a note by the title states that the shaykh 
who compiled the tables was in error because the time difference is 1? not 2°. 

(b) Another table in this category is entitled “Time (from sunset) to the tafy 
in Ramadàn on the basis that there is a difference of 5 (equatorial) degrees 
between this and daybreak.” Assuming that the tafy takes place 5° before day- 
break, it might be expected that the function tabulated would be 


T.4)-2N()—r0)—5* — (h—19). (26) 


This, however, is not the case. The table occurs in MS G, which also contains 
tables of 7(A) and s(A) based on 


h.=17° and h,=19°. 


Nevertheless, if the above expression is indeed that upon which the table is 
based, the value of k, must be 20; 15°. This parameter produces close but not 
consistent agreement of text and recomputation. It seems unlikely, however, 
that such a parameter would have been used. 

(c) Another table is found only in manuscripts of al-Lddhiqi’s tables. It is entitled 
“ (Oblique) ascensions of (the ascendant at the time of) the salām, two (equatorial) 
degrees before daybreak.”’ The title also states that if one subtracts three degrees 
from the values, the result is the ascension of (the ascendant at the time of) 
the tafy. An entry is given for each degree of A in 12 columns of 30 entries. 


If the ascendant at daybreak is R, then 


a, (Ag) ==, (4) — r (å). (27) 
The table is based on the function 
ی‎ (4) = =<, (A) — r (2) — 2° (h, = 19°, p = 30?) (28) 


computed with Jbn Yunus’ tables. 

In later tables of this function based on those described above, values are 
given for each 0; 3? or 0; 6? of solar longitude, computed by linear interpolation. 
In MSS CM and CN, however, the entries are larger than those in MS HA by 4° 


-and 1° respectively. From these few tables investigated thus far, it is apparent 


that the time of the salam was variously defined as being 1°, 1; 30°, or 2? (that 
is 4, 6, or 8 minutes) before daybreak. 

(d) Another table in this category is entitled ‘‘(Oblique) ascensions of (the 
ascendant at) nightfall”. It has the same format as the table in (c) above, and 
is based on the function 


a, (A) = 360° —{a, (180° —4) —s(A)} (k= 17°, p= 30°) (29) 


computed with Ibn Ytinus’ tables. That this expression is correct is easily dem- 
onstrated. MS C contains a similar table for daybreak. 


3.9. Table for Orienting Ventilators 
Ibn Yiinus’ Very Useful Tables contain a table giving the solar altitude, 
h, in the azimuth of the ventilator (al-bddahanj), for each degree of 2’ (620). 
The table is based on an azimuth of 27; 30° (S of E), that is, the azimuth of 
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the rising sun at the winter solstice.** It is understood that the back of the 
ventilator should face this direction, and that the front should be exposed to 
the winds from the north-west. The azimuth of the rising sun at the winter 
solstice is a very nice direction, long popular amongst the Egyptians, but it is 
far from the direction which would afford optimal orientation for a ventilator 
in Cairo. According to the fifteenth century historian of Egypt al-Magrizi, 
the same azimuth was used to define the qibla in several early Egyptian mosques. 

The Iraqi scholar ‘Abd al Latzt al-Baghdádi (1162-1231), who visited Egypt 
about the year 1200, made this observation on the ventilators of Egyptian 
houses 28 


(The Egyptians) make the openings of their houses exposed to the agreeable 
winds from the north. One sees hardly any houses without ventilators. These 
ventilators are tall and wide, and open to every action of the wind; they 
are erected carefully and with much skill. One can pay between one hundred 
and five hundred dinars for a single ventilator, but small ones for ordinary 
houses cost no more than one dinar each. 


Further, in a collection of short treatises by Ibn Y nus, MS M.110v: 5-11, 
we find the following instructions: 


To mark the direction of the ventilator, first establish the four cardinal 
directions, and then count from the east-point southwards by the amount 
of the rising amplitude of (the sun at the first point of) Capricorn. Next 
extend a line (from the center) in this direction, and this will be the direction 
for the ventilator. Form a rectangle with another line, and set up the mahalla ( ?) 
on this perpendicular. A good procedure is to divide the front in ten parts 
and make the side five and one-half, according too the technical con- 
vention of the craftsmen. God, may He be exalted, grants success. 


The short treatise, Tuhfat al-ahbab fi i-bàádahanj wa-l mihrab of Ibn al Mag, 
is devoted to methods of marking the azimuth of the ventilator and the qibla 
on a plane surface and shows that the orientation of ventilators in this way was 
still of some concern in fifteenth century Egypt. 


% In Chapter 18 of his Zo, Ibn Yunus accurately computes the solisticial rising 
amplitude for his parameters to be 27; 30,53?. Cf. King [1], 169. The recomputed 
values used in Table 9 are based on this value. 

63 Northerly winds are more numerous in Cairo at all seasons. From a study of the 
wind directions there over an 18-year period (I.D. 1117, 252-256), I calculate that 
the ''resultant", which would seem to correspond to an optimum orientation, is 
about 75? S of E. 

“ Cf. al-Maqrizi (1), IV, 21ff, on the divergence of the qiblas in early Egyptian 
mosques, summarized in the article Masdjid in EL, III, 337b-338a. 

% Cf. Zand [1], 178-179. The translation is my own. 

% On this manuscript see King [1], 10 and 348. The second procedure outlined in 
the passage translated is approximate and yields an azimuth of arc tan (0.55) or 
28:48“ south of east. 

*' | have examined MS EB of this work by Ibn ai-Majdi. See also Wiedemann [1], 
I, 546-547 and 589. On Ibn ai-Majdi see footnote 37 above. 

For illustrations of ventilators still in use in Dubai and Sharjah, Union of Arab 
Emirates, see Azzi [1]. 
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The entries in Jbn Yunus’ table of &,(4) are not as accurately computed as 
those in similar tables of h(a, A) (see Section 3.4). Many of the entries are in 
error by about —0; 5°, which would suggest that the value used for A, (a) was 
in error by this amount. More curious is the fact that in the table in MS D the 
entries in the sixth column decrease to 0; 41? rather than to 0; 0°, as one would 
expect, since the altitude in this azimuth at the winter solstice is 0°. This is 
also the case in the corresponding table in MS CY.7v, and it may be that the 
correction to 0; 41? is an attempt to account for the displacement of the visible 
horizon from the true horizon. (See further Section 3.10.) The corresponding 
table in MS CE of al-Làdhiqi's Natijat al-afkār has entries which decrease to 0; 0°. 
The differences would hardly affect the efficiency of a ventilator oriented in the 
direction of the rising sun at the winter solstice. 


Fig. 4 shows how A, varies with solar longitude. 


3.10. Table of Corrections for Horizontal Refraction 


In MSG there is a curious table entitled “difference minutes” (dagqá?iq 
al-tkhtilaf), here denoted by AD (å), tabulated for each degree of A’ (ó 20). 
The table is not contained in any of the other known manuscripts of the Very 
Useful Tables, and neither in MS G nor in any other known work of Ib» Y ünus 
is there any explanation of the nature or purpose of this function. For reasons 
stated below I believe that the table in the form in which it appears in MS G 
is not due to Ibn Yunus. 

In some manuscripts of al-Lddhiqi’s Natijat al-afkar (e.g., MS CE), values 
of the same function are given for each zodiacal sign, and it is stated that the 
function is intended to measure the time in equatorial minutes taken by the 
sun to move between the true horizon (a/-wfq ai-hagiqi) and the visible horizon 
(al-ufq al-mariy). Thus the table is of considerable interest, since hitherto it 
has been thought that the quantitative determination of horizontal refraction 
was not discussed by Islamic scientists. The theory of the qualitative effects 
of atmospheric refraction is outlined already in Ptolemy's Optics. 

The function tabulated in MS G occurs also in the prayer-tables of Muhammad 
al-Manuüfi (MS CH, but not MS CI), a muwagqit associated with the Ghüriya 
Mosque in Cairo, who lived about the year 1500. ai-Manüfi modified the prayer- 
tables of Ibn Y nus, without reference to his source, to account for the effect 
of the difference minutes in the tables associated with horizon phenomena.® 


6 It may be that ai-Manufi is to be identified with Shams al-Din Muhammad b. 
Abi I-Fath al-Sufi al-Misri (Suter (1), no. 447), who died about 1495. Suter lists fifteen 
works by this individual, including prayer-tables and a commentary to the Zij of 
Ulugh Beg, in which he adapted the planetary tables for the longitude of Cairo. 
A manuscript in Damascus of another work due to Shams al-Din al-Sufi, which 
supports the identification with al-Manuf/i, contains a table of the “difference minutes” 
and a table of the half-excess for latitude 33; 30? (Damascus), corrected for these 
minutes. Cf. Khoury (1), 205-206. 

Muhammad al-Manufi's tables in MSS CH and CI also contain instructions for 
taking the solar radius into account in time-keeping by the sun. Another manuscript 
in Damascus contains four pages of tables entitled “the difference minutes of the solar 
radius to be added to the semi diurnal arc for latitude 33; 30? (Damascus) ’’, by the 
Egyptian Muhammad al-Tandata' al-Azhart. Cf. Khoury [1], 61. 
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Fig. 7. Variation of the “difference minutes” with solar longitude according to 
Ibn Yunus and al-Manufi (—), and al-Ládhigi (MS PH.7v:----; MS HA.3: xx»). 


His son ‘Abd al-Qàdir ai-Manüfi wrote a treatise on the difference minutes, and 
the Damascus astronomer /bn al-Shdtir (ca. 1350) also discussed them: manu- 
scripts of their works are extant in Cairo.5? 

The tables in MSS G and CH give a value of AD (A) to minutes and seconds 
for each degree of A (620), calculated by linear interpolation between the values 
at the equinoxes and solstices. The significant entries, in equatorial minutes, 
are as follows: 


Equinoxes 47 
Summer solstice 62 
Winter solstice 32. 


In several of the manuscripts of al-Lddhigi’s tables which I have examined, 
a value of AD (4) to one digit is given for each zodiacal sign, and in one source 
(MS HA.3) the difference minutes decrease uniformly from 47 at the autumnal 
equinox to 17 at the vernal equinox! The various tables encountered thus far 
are represented graphically in Fig. 7. 

The relation of this function to [bn Y nus is claimed by al-Manuft. In the 
introduction to his prayer-tables (MS CH.7v) he states that [bn Yunus found 
the difference minutes to be 47 at the equinoxes, increasing by 5 for each sign 
to the summer solstice and decreasing by 5 for each sign to the winter solstice. 

Now, only part of the theory described by a/-Manüfi and represented in the 
tables makes sense. It seems reasonable to assume that Ibn Yunus would have 
considered the visible horizon to be at a fixed angle of depression below the true 
horizon. If this is so, the above equinoctial and solsticial values are easily shown 
to be mutually inconsistent. On the other hand if the three values are the results 
of observations made at the equinoxes and solstices, then only one of them is 
a good result and the other two are considerably in error. Of course, we have 
absolutely no control over the results of observations when we have no 
information concerning the kind of measurements Jbn Yunus might have made 
to derive values for the difference minutes. So let us investigate the three values 
on which the tables are based. 


** See Suter [1], no. 479, especially p. 194, 11. 2-4 (Suter’s sehr geringe Abweichungen 
are the daqá'iq al-ikhtilaf), and Brockelmann [1], II, 156, no. 4, entry 11. 
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Fig. 8. Plane projection of the visible and true horizons (AB and A’B’), and the solar 
day-circles at the equinoxes (XX), summer solstice (Y Y^), and winter solstice (ZZ). 
Not to scale. 


Consider Fig.8, which represents a portion of the western sky about the 
west-point in plane cross-section. The sun sets across the horizon at an angle g. 
AB represents the true horizon and A'B’ the visible horizon at an angle of depres- 
sion 4h below the true horizon. The problem is to find to a first approximation 
how long the sun takes to move between these two horizons. XX’ represents 
the path of the center of the sun at the equinoxes and YY' and ZZ' its path 
at the summer and winter solstices respectively. Clearly: 


XX! = YY’ =ZZ' = Ahsec g. 


Now the time taken by the sun to move from X to X' is measured by the arc XX" 
of the celestial equator. Thus the difference minutes at the equinoxes, AD,, 
equal 4h sec p. Since Ibn Yümus, according to al-Manifi, takes this as 0; 47° 
for latitude 30?, we have 
AD, = Ahsec 30? = 0; 47° 
whence 
Ah 0; 40? = 2/3°. 


This then is the vertical displacement of the horizon due to refraction correspond- 
ing to the value for AD, attributed to Zòn Yunus. The modern value for this 
displacement is 0; 35°.7° 

The solsticial values attributed to Ibn Yunus are, in the light of modern 
knowledge, less reasonable. A distance of 0; 47?.0n either of the solisticial day- 
circles corresponds approximately to an arc of 


0; 47? sec £ =0; 51? 


on the celestial equator. It is clear that the time taken by the sun to move between 
the two horizons 1s, to a first approximation, the same at both solstices. This time 
is some 0; 4° more than the corresponding time at the equinoxes, according to 
the above calculation. l 

Ibn Yünus was a master of spherical astronomy, and I consider it unlikely 
that he would make as elementary an error as to give radically different values 
of AD at the solstices. After all, he was able to compute accurately the time 


70 Cf., e.g., Smart (1), 69, and Woolard & Clemence (1), 79. 
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from sunrise to the time at which the solar altitude is 4, that is, T(A, A), for 
integral values of A from 1? to 83°. Also, his tables for the duration of twilight 
prove that he could also tabulate T(A, A) accurately for solar positions below 
the horizon. From his table of T(h, A) for altitude 1? Ibn Yunus could have 
read off immediately that the time taken by the sun to move 1? below the horizon 
was, in equatorial minutes, as follows:7! 


Equinox 70 
Summer solstice 79 
Winter solstice 79. 


From these values we can find by linear interpolation the corresponding values 
for an angle of depression of 2/3°, namely:?? 


Equinox 47 
Summer solstice 53 
Winter solstice 53. 


It is then quite reasonable to interpolate linearly between the equinoctial and 
solsticial values of 4D for general solar longitudes, because the variation in 4D 
is relatively 553 

I suspect that Ibn Yunus, in a work other than the Hákimi Zi; and the 
Very Useful Tables, stated that the difference minutes were 47 at the equinoxes 
and increased about 5 to maxima at the solstices, which would be virtually correct. 
The assertion of al-Manūfi that Ibn Yunus had stated that the difference minutes 
were 47 at the equinoxes and changed by 5 for each sign with a maximum at the 
summer solstice and a minimum at the winter solstice is then simply garbled. My 
hypothesis has no substantiation in the manuscripts examined thus far. 


Part 4: Ibn Yunus’ Instructions on the Use of the Tables 


The instructions accompanying the tables in MSS D and G contain virtually 
no information about the way the tables were intended to be used in practice, 
nor do they reveal how the tables were computed. They begin with pious state- 
ments about God as the Creator of the Universe. The Quranic verse 10.5/5 


n Accurately computed for p = 30° and s = 23; 35°, these values are respectively 
69, 78, and 78. 
72 Accurately computed: 46, 52, and 52 respectively. 


73 It is perhaps worth noting the occurrence of another linear zigzag function in 
a short treatise attributed to Ibn Yunus. The treatise describes a candle-clock con- 
sisting of twelve oil-candles and has been discussed in Wiedemann & Hauser (1], 18, 
and more fully in Kennedy & Ukashah [1]. It is required to fill the candles in such a 
way that if they are all lit at sunset, one candle goes out at the end of each seasonal 
hour of the night. Since the seasonal night hours vary in length throughout the year, 
the amount of oil required in each candle also varies. The author of the treatise gives 
the amounts of oil to be used in the first candle for each zodiacal sign. These quantities 
define a linear zigzag function, reminiscent of those used in Babylonian astronomy. 
Indeed the parameter underlying the table is the ratio 3:2 for maximum to minimum 
daylight, a basic Babylonian parameter. 
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(God) made the sun as a shining light and made the moon a luminary and 
measured out its mansions 


is continued thus (MS D.83r: 5): 

for perfecting prognostications about what He orders and what He effects. 
The Qur'ànic verse 37.6] 5 

(God) adorned the lower heavens with the stars 
is continued (MS D.83r: 5-6): 

and the times are known by what rises and sets. 


Since, states Ibn Y ünus, time-keeping (‘tlm al-mawdqit) was ordained by God, 
he thought he would prepare these tables which would be the “limit of useful- 
ness” (ghàyat al-intifa‘). 

The remainder of Ibn Y ànus' instructions on using the tables (MS D.83 r-85 v) 
is translated in full: 


To determine the time from sunrise to any instant you wish, enter the 
solar longitude in the table of the instantaneous altitude, and you will find 
the required time, if the solar altitude is in the east. If it is in the west, 
subtract the value in the table from the diurnal arc, and the remainder will 
be the time up to that instant. God —may He be exalted —knows best. 


Example: Suppose the sun is in 21? of Taurus, and the instantaneous 
altitude is 30°. We find 35; 58?* in the table: this is the time from sunrise 
to the instant in question. If the altitude is in the west, subtract 35; 38° 
from the diurnal arc, which is 201; 46? ^. The remainder is 166; 8°, and this 
is the required time. 


To determine how much of the day has passed, and how many hours 
of daylight are left, divide the time since sunrise by the number of degrees 
corresponding to a seasonal day hour for the day in question, or by 15 if 
you want equinoctial hours. The result is the number of hours of daylight 
that have passed. Subtract the seasonal hours from 12, and the equinoctial 
hours from the number of hours of daylight on the day in question: the 
remainder will be the number of hours of daylight left. 


Example: Suppose the sun is in 11? of Aries, and the instantaneous altitude 
is 45? in the east. We find the time since sunrise for this altitude as before: 
it is 53; 19?*. We divide this by the number of degrees corresponding to a 
seasonal day hour, which is 15; 24°,4 and the result is [3] *; 27. These are 
the hours of daylight that have passed. Subtract them from 12, and the 
remainder, which is the number of hours of daylight left, is 8; 33. If we divide 


a As in MS D.54v. 

b As in MS D.12r. 

* As in MS D.39v. 

4 MS D.13r has the more accurate value 15; 25?. 
e Text: 4 (sic). 
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the time since sunrise by 15, the quotient is (5; 33] 1, and this is the number 
of equinoctial hours which have passed. We subtract these from the number 
of equinoctial hours of daylight on the day in question, which is 12; 20, 
and the remainder is 8; 47. This is the number of hours of daylight left. 
I have included a table at the end of the book in which the entry corresponding 
to the solar longitude is multiplied by the time since sunrise to give the 
seasonal day hours passed since sunrise. 


To determine (the altitude of the sun for) the seasonal and equinoctial 
hours, enter the solar longitude in the tables of the time since sunrise for 
each altitude and turn through table after table until you find a time as 
large as the degrees corresponding to the seasonal or equinoctial hours. Inter- 
polate if necessary, and the result will be the required altitude. 


Example: Suppose the sun is in the last degree of the sign of Gemini, 
and we want the altitude after the first seasonal hour. We enter the solar 
longitude in the tables, turning through table after table, and find opposite 
the longitude in the table for 13° a time of 16; 24? 5. We subtract this from 
the number of degrees in one seasonal hour, which is 17; 26°,® and the remain- 
der is 1; 2°. We divide this by the difference between the time [in the tables 
for altitude 13° and for altitude 14°, which difference is 1; 15°. The ratio 
of one to the other is 0; 50, which we add to the first altitude]! and so the 
required altitude is 13; 50°. If we want the altitude after one equatorial 
hour, we enter the solar longitude in the tables and we find opposite it 13; 56°. 
We subtract this from 15?, and the remainder is 1; 4?, which we divide by 
the difference between the time for altitude 11? and that for 12°, which is 
1; 15°. The ratio of the one to the other is 0; 54, which we add to the first 
altitude, obtaining 11; 51? for the required altitude. 


To determine the ascendant at the eastern horizon, add the time since 
sunrise to the oblique ascension of the solar longitude, and the result is (the 
oblique ascension of) the ascendant at that time.74 


Example: Suppose the sun is in 18? of the sign of Scorpio and the in- 
stantaneous altitude is 25?. We take the time since sunrise for this altitude 
and find it to be 33; 20?.! We add this to the oblique ascension of the sun, 
namely, 235; 52°,* and the sum is 269; 12°. We take the longitude correspond- 
ing to this: 16; 18? results, being the degree of the sign of Sagittarius which 
is rising. 

To determine the hour-angle at the beginning of the afternoon prayer, 
you should know that there is a table for this included at the end of the 


f Text: 4; 13 (sic). 


€ As in MS D.71v. 

h As in MS D.13r. 

i Missing in MS D. 

j As in MS D.59v. 

k This is accurate, and is the value given in the Hakim: Zij. MS HA.21 has 235; 51°. 


"4 In modern notation 
a, (Ay) ==, (2) + T (Eh, 2). 
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book. You enter the solar longitude as argument and read off the required 
value. 


To determine the half diurnal arc, you enter the solar longitude in the 
appropriate table and read the required value. 


To determine the duration of morning twilight, which is the remainder 
of the nocturnal arc to sunrise, you enter the longitude directly opposite the 
solar longitude on the ecliptic in the table of the time since sunrise for altitude 
19°, and the value you find will be the required time.’5 


To determine the time from sunrise to the time when the sun is in the 
azimuth of the qibla, enter the solar longitude in the appropriate table and 
read the required value. 


To determine the azimuth, proceed as with the tables for time. The 
direction of the azimuth is south if the sun is in the southern zodiacal signs, 
or if it is in the northern signs and the altitude is greater than the altitude 
in the prime vertical; otherwise, it is north. God knows best. 


Certain interesting facts will be revealed to anyone who examines these 
tables closely.$ For, example, if the solar altitude equals the declination, 
then both the azimuth and the time since sunrise are equal to the complement 
of the other. Further, if you take the declination as altitude, and you know 
the complement of the time since sunrise for the solar longitude, then it 
wil be the half excess of daylight, if the latitude is 30°. Numerous other 
facts and points of interest relating to night and day also become evident. 
God —may He be exalted —knows best. 


75 Cf. footnote 47 above. 


78 The two statements which follow are easily verified. Firstly, since 


"RS . f cos à cosa 
=arcsin4— 5 
(cf. King [1], 150), we have, when h = ó, 
a +t = 90°. 


Secondly, since 


T (h, A) =f (A) +arc sin (p (h, 2) —sin /(4)] 


where : 


h a= sin ^ 
۶), 4) = cos ó (2) cos © 


(cf. formula (12)), we have, when h = ó and 9 = 30°, that 


tan ó (tan ó tan 30?) 


(cf. formula (2)). Therefore, 


T (^, A) =f (A) +arc sin [2 sin /(4) —sin /(2)] 


so that 


z2f(4), 
i290? — (D — T) = T — (D — 90°) 
=T—f=f. 
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Part 5: Sample Entries from the Tables 


Tables 1 to 10 below contain sample entries from the corresponding tables 
in Sections 1 to 10 in Part 3. The entries are adequate to convey some idea of 
the accuracy of Ibn Y ünus' computation and to identify any new material which 
may come to light. The entries shown are, unless otherwise indicated, taken 


from the first, middle, and last rows of each of the six columns in the original 
table, that is, for longitudes 


1° 31 61 181 211 241 
15 45 75 195 225 255 
30 60 90 210 240 270 


The values agree with recomputation except where the error in the second digit 
is shown in square brackets, computed according to the convention 


error — (value in text) — (recomputed value). 


The values quoted are usually taken from the tables in MSS D, G, and HA. 
Variants between the manuscripts are, in general, attributable to copyists' errors, 
though, for example, see Tables X1 and X2 in Section 2.3. 


Table 1. Spherical astronomical functions not tabulated in the Hakimi Zij 
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Table 2. Time since sunrise and hour-angle 
(a) Time since sunrise for altitude 30? MS D.54r 
35; 13? 34; 55 36; 5 [41] 35; 20 [+1] 38; 23 43; 50 [—1] 
34; 19 [+1] 35; 23. 36; 34 (—1] 36; 24 [+1] 40; 44 [—1] 46; 12 (—1] 
34; 53 [—1] 36; 2 36; 49 [+1] 38; 14 43; 39 47; 17 
Time since sunrise for altitude 45? MS D.39r 
54; 35° [+1] 52; 27 53; 28 [+1] 54; 56 [+1] 65; 59 [4-2] 
53; 1 [+2] 52; 44 54; 2 (—1] 58; 17 (—2] 
$2; 28 [4-1] 53; 25 [+1] 54; 19 [+1] 65; 15 [—1) 
Time since sunrise for altitude 60? MS D.24r 
85; 1? [—5] 71; 11 70; 54 [+2] 
74:31 [+7] 70; 33 [+1] 71; 22 [—1] 
71; 20 [+2] 70; 52 [+2] 71; 39 
(b) Hour-angle for altitude 30? MS D.53v 
55; 1° 62; 4 66; 22 [—1] 54; 26 [—1] 44; 38 33: 43 (4 1] 
58:38 [—1] 64; 26 67; 26 [4-1] 50; 9 (—1] 39; 27 29; 48 [+1] 
61:51 [—2] 66; 17 67; 47 [—1] 45; O 34; 2 28; 7 
Hour-angle for altitude 45? MS D.38v 
35; 39? (—1] 44; 32 48; 59 (—2] 34; $0 (—2] 17; 2 ]-2[ 
40; 26 [—2] 47; 5 49; 58 [+1] 28; 16 [+2] 
44:18 [-—1] 48; 54 [—1] 50; 18 17; 59 [+1] 
Hour-angle for altitude 60? MS D.24r 
5; 13? [+ 5] 25; 48 31; 33 [—2] 
18; 56 [—6] 29; 15 (—1] 32; 38 [4-1] 
25;26 [—3] 31; 27 (—2] 32; 57 


Table 3. Solar azimuth (northern azimuths are shown negative) 


Solar azimuth for altitude 30? MSS D.106r and 0.124 v-125v 


18; 54? 3;22 — 7;40° [-1] 20;3* [+4] 37527 53; 8b [+1] 
11; 16 —2; 31 —10; 29 28; 7! 45; 17 58; DI C71] 
3; 50* [+1] —7;24b (—1]  —11:324 [+1] 36; 5(3]© [+1] 52; 41 60; 5 

Solar azimuth for altitude 45? MS D.99v 
34; 2[8]?! 13; 56 0; 20 36; 5 [+1] 66; 3 

24; 6 6; 34 [—4] —3; 5 48; 17 

14; 32. [+1] 0; 40 —4; 21 64; 40 [—1] 

Solar azimuth for altitude 60? MS D.91r 
79; 42° 31; 37 11; 4 

49; 32 20; 17 6; 10 

32; 33 11; 32 4; 22 


(c) Solar meridian altitude MS D.14v 
60; 24? 71; 53 80; 29 59; 36 48; 7 39; 31 

65; 58 [+1] 76; 26 82; 44 54; 2 [—1] 43; 34 37; 16 

71; 32 80; 16 83; 35 48; 28 39; 44 36; 25 

(d) Half diurnal arc MS D.12r 
90; 14° 96; 59 102; 27 89; 46 83; 1 77; 33 

93; 27 99; 49 [+1] 104; O 86; 53 80; 11 (—1] 76; 0 

96; 46 102; 19 104; 36 83; 14 77; 44 75; 24 

(e) Nocturnal arc MS D.6v 
179; 32° 166; 2 155; 6 [+1] 180; 28 193; 58 204; 54 [—1] 
173; 6 160; 24 [+1] 152; O 186; 54 199; 36 [—1] 208; 0 

166; 28 155; 22 150; 48 193; 32 204; 38 209; [12]* 
(g) Conversion factor MS D.3r 
[0]; 3, 59 ; 3, 43 ;3, 31 ;4, 0 [—1] 14,21 [+1] ; 4,38 [—1] 

: 3, 1 ; 3, 36 ;3,27 [—1] ; 4, 10 ; 4, 29 ; 4,45 [4-1] 
; 3, ]44[5 [+1]; 3, 31 ;3,26 [—1] ;4, 49 [—1] ; 4, 38 ; 4, 46 

(h) Length of daylight in equinoctial hours MS G.75v 
12; 2 12; 56 13; 40 11; 58 11; 4 10; 20 
12; 28 13; 19 [4-1] 43; 52 11; 32 10; 41 [—1] 10; 8 
12; 54 13; 39 13; 57 11; 6 10; 21 10; 3 


* Illegible in MS D. 
b MS D: 46 (sic). 


* MS O: 49 (accurate). 
b MS O: 23 (accurate). 
° MS O: 39 (accurate). 
4 MS O: 33 (accurate). 
e MSO: 1. 


f MSO: 8. 

€ MSD: 56; MSO: 52. 

h MS O: 7 (accurate). 

t MS D: 8 (sic); MS O: 3. 
1 MS D: 23 (sic). 
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Table 4. Solar altitude for various azimuths 


Solar altitude for azimuth 30? 


41; 30? 59; 3 72; 50 
49; 54 66; 13 76; 39 
58; 30 72; 29 78; 7 


Solar altitude for azimuth 60? 


56; 45? 69; 32 [--1] 79; 9 
62; 55 [4-1] 74; 36 81; 42 
69; 82 78; 55 82; 40 


40; 17 
31; 53 
23; 17 


55; 52 
49; 430 


43; 30 [+1] 


MSS D.9r and 0.27 v-28v 


8; 57 
5; 9 
3:41 [+1] 


MSS D.9v and 0.36r-37r 


43; 6 
38; 1 
33: 43 [+1] 


33; 28 
30; 56 [4-1] 
29; 58 


a MS O: 8; MS D: 20 (sic). 


b MS O: 43; MS D has no entry for the second digit. 


Table 5. Duration of twilight and darkness 


— n cnm  nvq Pnnq a  ncs— s 


(a) Duration of morning twilight (A, = 19?) 


22; 7° [+14] 23; 24 25; 38 
22; 32 24; 24 26; 32 [+2] 
23; 20 25; 33 [—1] 26; 52 


Duration of morning twilight (4, = 20°) 


23; 18° [+1] 24; 42 27; 7 ]-1[ 
23; 458 (—1] 25:48 [+1] 28; sb 
24; 38 27; 3 28;28 [—1] 


(b) Duration of evening twilight (4, = 16°) 


18; 35° [4-1] 19; 34 (+1] 21:15 [—2] 
18; 52 {—2] 20; 20 21; 56 (—1] 
19; 30 21; 12 [—2] 22; 13 


Duration of evening twilight (h, = 17°) 


19; 45? 20; 49 (—1) 22; 42 [—1] 
20; 6 21; 39 [—2] 23; 26 [—1] 
20; 46 [—1] 22; 38 [—1] 23; 44 [—1] 


(c) Duration of darkness (hy = 19? and A z 17°) 


137; 40° [—1] 121; 49 [+4] 106; 46 [4-2] 
130; 28 114; 24. [+3] 102; 2 [—1] 
122; 22 [+1] 107; 11 [+2] 100; 12 [+1] 


22; 3 [—1] 
20; O [+1] 
22; 10 (—1] 
23; 15 
23; 8 
23; 24 [+14] 
18; 33 
18; 29 (—2] 
18; 43 
19; 43 
19; 40 
19; 51 [—1] 
138; 41 
145; 14 (—1] 


151; 30 [+1] 


18; 44 
19; 6 
19; 32 [—1] 


19; 52 [—2] 
20; 15 [—1] 
20; 44 [—1] 


151; 54 [4-2] 
156; 44 
160; 47 [+1] 


MS D.7v 


23; 10 [4-1] 
23:33 [+1] 
25; 42 


MS D.10v 


24; 20 
24; 45 [+1] 
24; 54 


MS D.10r 


19; 34 [—1] 
19; 55 
20; 4 


MS D.7r 


20; 46 [—1] 
21; 8 
21; 16 (—1] 


MS D.6r 


160; 58 [—1] 
163; 19 [—1] 
164; 14 [+1] 


s MS D.5r: 45; MS D.10v: 43 (sic). 
b MS 2.52: 8 (sta). 
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Table 6. Tables for determining the qibla 


(a) Solar altitude in the azimuth of the qibla (q = 52?) MSS D.86v and 0.119r-120r 


47; 23? 63; 13 75:27 (4 1] 46; 18 30; 28 18; 15% (+1] 
54; 59 69; 37 78; 45 38; 42 24; 4 14; 55 
62; 43 75; 8 80; 2 [+1] 30; 57 18; 33 13; 39 

Solar altitude in the azimuth of the qibla (q = 53°) MS D.14r 
46; [4]3? (—2] 62; 44 (—2) 75; 10 45; 40 [4-2] 29; 35 [—2] 17; 41 (—2] 
54; 26 69; 13 (—2) 78; 31 [—1] 37; 54 (—3] 23; 8 13; 50 
62;15 [—1] 74; $2 [+1] 79; 48 [—2] 30; 4 [—3] 17; 30 [—1] 12; 32 [— 1] 
(b) Hour-angle when the sun is in the azimuth of the qibla (q = 53?) MS D.8v 
33; 12° [+1] 22; 0 [4-4] 12; 35 (—1] 33: 57 45; (12 54; 3[2]5 [+1] 
27; 50 (-—1] 17; 12 [+ 2] 9; 57 [+2] 39; 19 [+2] 49; 57 [—1] $7; 13 
22:21 [-+4] 12; 48 (—3] 8; 51 44; 514 [4-1] 54:18 [+1] 58; 18 [+1] 
(c) Solar altitude in the azimuth perpendicular to the azimuth of the qibla (q = 53°) MS G.71 v 
54; 36° 68; 7 [+1] 78; 20 53; 40 40; 9 [—1] 29; 56 
61; 6 73; 28 [—2] 81; 2 [—2) 47; 10 34; 48 [4-1] 27; 14 [4-1] 
67; 42 78; 6 [+1] 82; 6 [4-1] 40; 34 (—1) 30; 10 [—1] 26; 10 (—1] 


(d) Hour-angle when the sun is in the azimuth perpendicular to the azimuth of the qibla (q = 55?) MSG.77r 


20; 25° [+1] 13; 13 (—2] 7; 14 (—17] 20; $1 [—2] 28; 2 33; 50 
16; 52 (—8] 10; 10 (—6] 5; 48 (—1] 24; 19 [4-2] 31; O (~1] 35; 29 [+1] 
13:24 [—5] 7:22 [—15] $; 1 [—10] 27; 49 [4-1] 33; 43 [4-2] 36; 7 [41] 
s MS O: 14. 
b MS D: 37. 


Table 7. Tables for determining the beginning of the time for the afternoon prayer 
X TC CX > = = s 5 


(a) Solar altitude MS D.11v 
32; 33° (4-1] 3[6]; 59 (—1] 40; 34 [—1] 32: 13^ 27; 48 24; 20 (+1] 
34:38 [—2) 38; 51 41; 35 (+1) 30; 6 25; 59 23; 24 [4-2] 


36; 50 [—2] 40; 28 (—1] 41:58 [41) 27; 56 24; 26 [+1] 23; 0 


(b) Hour-angle MS D.15V 
51; 54? [—1] 53; 56 [—1]: 54; 5 [—2] 51; 42 47:45 [—2] 43; 41 [4-1] 
53; 6 [—1] 54; 12 53; 52 [—4] 50; 2 45; 45 42; 23 (—1] 
53; 55 $4; 6 (—2] 53; 48 [—2] 47:57 [4-1] 43; 45 [—2] 41; 53 (—1] 

(c) Time before sunset MS D.13V 
38; 20° [+1] 43; 3 [+1] 48; 22 [+2] 38; 4 35; 16 [4-2] 33; 52 [—1] 
40;21 [42] 45; 37 [4-1] 50; 4 36; 31 34; 26 [—1] 33: 37. [+1] 
42:51 [—1) 48; 13 [4-2] 50; 48 [+2] 35; 17 (—1] 33; 56 [+2] 33; 31 


gg 
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Table 8. Tables of functions relating to institutions associated with the prayer times 
(N.B. These tables have not been recomputed) 


a) Time from sunset to the salam MSS G.74r and HA.16 


155; 25° 140; 38 127; 28 156; 24 169; 46 179; 44 
148; 34 134; O 123; 23 162; 52 174; 59 182; 27 
141; 8 127; 49 121; 56 169; 21 179; 31 183; 30 
(b) Time from sunset to the fafy in Ramadan MS G.76v 
150; 51? 135; 59 122; 39 151; 50 165; 19 175; 25 
143; 57 129; 15 118; 36 158; 23 170; 36 178; 12 
136; 27 123; 1 116; 58 164; 55 175; 12 179; 20 
(c) Oblique ascensions of the ascendant at the time of the saläm MS HA.25-26 
(values are taken from the head of each column) 
A= 1° 336; 34° A= 31° 356; 27 A= 61° 18; 45 
91 47; 38 121 83; 37 151 121; 15 
181 157; 4 211 191; 37 241 226; 7 
271 259; 59 301 290; 20 331 315; 27 
(dj Oblique ascensions of the ascendant at nightfall : MS HA.23-24 
(values are taken from the head of each column) 
A= 1° 200; 54° A= 31° 236; 38 A= 61° 273; 59 
91 309; 25 121 337; 59 151 0; 20 
181 20; 24 211 41; 43 241 67; 9 
271 97; 47 301 131; 47 331 166; 21 


EE EE 


Table 9. Table for orienting ventilators by the sun 
BEE 


Solar altitude in the azimuth of the ventilator MS D.84v 
39; 14? (—3] 57; 23 (—3] 71:47 37; 59 [—3] 19; 49 (—5] 5:28 [—5] 

47; 54 [—4] 64; 49 [—4] 75; 42 [—5] 29:41 [+19] 12:22 [— 5] 1; 29 [—4) 
56:49 [—3] 71; 23 [—2] 77; 16 [—4] 20; 22 [—6] 5; 49 [—6] 0; 41% 


eg CSS S EE 
s MS CE: 0; 0. Cf. Section 3.9. 


Table 10. Table of corrections for horizontal refraction 


“Difference minutes’ MS G.76V 
47; 10 52; 10 57; 10 46; 50 41; 50 36; 50 
49; 30 54; 30 59; 30 44; 30 39; 30 34; 30 
$2; O 57; O 62; O 42; O 37; 0 32; O 
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Appendix A: Index to the Tables in the Manuscript Sources 


Nota bene: References are restricted to MSS D and G, which are fairly com- 
plete; to MSS B, E, and H which contain only a few tables; and to MSS HA 
and PH of ai-Láüdhiqi's Natijat al-afkàr. 


Introduction: D.83r-83 v and G.1v-3v 


Tables: 
Category Function tabulated Sources 
1(a) ó (4) Diir, 4r 
HA.8; PH.8v 
(b) f(A) D.14v, 4v 
HA.9; PH.8v 
(c) h, (A) D.44v, 4v; G.68r 
HA.9; PH.9v 
(d) D(A) D.12r; G.68v 
HA.10; PH.10r 
(e) 2N(4) D.6v, 5v; G.72r 
HA.17; PH.12v 
(f) h(a) D.43r; G.76r 
(g) 1/k (2) D.3r; G.75r; Bär 


(factor for converting equatorial 
degrees to seasonal day hours) 
(h) 2D(A)45 G.75v 
(length of daylight in 
equinoctial hours) 


(i) « (4) HA.19-20 
PH.A4v-45r 
(j) &39 (A) HA.21-22 
PH.15 v-16r 
(k) v(A) D.12v, 5 v, 84r 
HA.7; PH.or 
(1) ho (A) D.12v, 3 v, 85 v 
HA.7; DH or 
(m) arc Sin (x) D.8r 
2 (a) T(A, A D.85v-A5r (h =1°-83°) 


G.4v-65v (k =1°-83°) 
BA42r-20r (k = 52°-83°) 


(b) t(h, 2) D.85v-15r (4 =1°-83°) 
G.4v-65v (h =1°-83°) 

B.11r-t4v (4=8°, 9°) 

H.1v-35r (4 =1°-83°) 

3 a (h, A D.86r-42v (h =1°-88°) 
G.4v-65v (h =1°-83°) 
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Category 


Function tabulated 


a(h) (A =0°, 90°) 


Sources 


B.1v-10v (A ) 
E.30v-63v (h ) 
H.36v-70v (k =1°-83°) 
K (h ) 
H.71r; CY.1v 
Dor (a=30° 


o ° ° 0 
— ee need 


NN NN WO O O 2 
° 0 o 0 o 
سد‎ 0 — el ` "weg? 


| 


HA.11; PH.10v 
D.15v; Goor B.20v 
HA.12; PH.A1r 
D.13v; G.70r 
HA.15; PH.A1v 
G.74r 

HA.16; PH.13v 
G.76v 
HA.25—26 
PH.17v-18r 
HA.23-24 
PH.16v-17r 

C 

D.84v 

CE 

G.74v 
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Appendix B: Description of Manuscripts Consulted 


Nota bene: Only MSS B, C, D, E, G, H, K, and CZ are described here. The 
numerous related sources will be discussed in a subsequent paper. Manuscripts of 
the Hàkimi Zij are described in King [1], Appendix C. 


B: MS Berlin Ahlwardt 5753 (= Landberg 574) (Foliated 1r-21 r) 


This is a fragment of the Very Useful Tables. The title on fol. 1r reads: 
Azimuth Tables by Ibn Yunus, the Calculator. There are several notices of posses- 
sion on the title folio, one dated 840 Hijra (—1436). 

The tables on fols. 1 v-20r are in considerable confusion. Each table is headed 
only by the degree of solar altitude. For altitudes 1° through 19? (fols. 1 v-10 v) 
they are azimuth tables. These are followed by hour-angle tables for altitudes 
8° and 9? (fols. 44 r-11v) and tables of the time since sunrise for altitudes 52? 
through 83° (fols. 12v-20r). The format of all the tables is the same as that in 
MS D. On fol. 20v there is a table of ¢,(A), which has been published in Schoy 
(1], 53, and on fol. 21r, a table of 4/h(A). An additional folio at the end of the 


MS contains an illegible title and some instructions on a calculation in spherical 
astronomy. 


C: MS Cairo Timiriya, riyadiyat 191 (Paginated 1-90) ` 


This is a copy of part of the Very Useful Tables. The title reads Hour-Angle 
Tables, and most of the work consists of a complete set of these. There are also 
tables of 

Wy +, s, 2N, T fy, and a, 


as well as for the time of the salam, and the oblique ascensions of the ascendant 
at daybreak and nightfall. The MS contains tables of the functions 


Cot AH) and Cot, A, (4), 


not found in the other sources, and also a table of equatorial coordinates of 
60 stars, not due to Ibn Y ünus. 


D: MS Chester Beatty 3673 (Foliated 121r-1v, as for a Latin MS) 


This is a virtually complete copy of the Very Useful Tables, incorrectly 
cataloged as the Hakimi Zij. The title on fol. 121r reads: Ibn Yunus’ Azimuth 
Tabies, but this refers only to the first part of the tables. This folio also contains 
some notices of possession, a floriated tughrd signature, and the date of copying, 
772 Hijra (—1371). The azimuth tables (fols. 121v—96r), instructions (fols. 
83r-83v), and tables for timekeeping (fols. 82v—3v) are written in three different 
hands. All of the tables, however, are carefully and beautifully copied. This ` 
manuscript has been the major source for the present study, and all of the tables 
are analyzed in Part 3 and indexed in Appendix A. 

The azimuth tables for altitudes 81°, 82°, and 83°, are garbled and some 
meaningless entries for altitudes 84? to 88° have been included. (Cf. the description 
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of MS K below.) The tables of time since sunrise and hour-angle (fols. 82v-15r) 
are complete, and each pair of facing pages for lower altitudes has values of both 
functions tabulated for a given altitude. 

Fol. 82r has been filled with odd items such as notices of possession, verses of 
poetry, and a list of Graeco-Coptic numerals, given with their Arabic abjad 
equivalents (cf., for example, Ritter (1]). Some astrological writings (fols. 2r-1v) 
have been bound at the end of the MS. 


E: MS Escorial ar. 924,7 (Foliated 30r-63v) 


This is an incomplete copy of Jon Y ànus' azimuth tables. The title on fol. 30r 
reads: Azimuth Tables of Ibn Yunus, and Cotangent Tables, Computed for Each 
Minute of Argument. Below this is the curious note: fi ‘ilm al-rumüz li-figh 
al-majma*, “on the science of secret signs for the understanding of the com- 
munity (?)." Fols. 30v-63 v contain azimuth tables for solar altitudes 1° through 
78°. The format is the same as that in MS D. The remainder of the azimuth 
tables, and the Cotangent tables, are missing. Ib» Y ànwus' extensive Sine and 
solar declination tables, computed for each minute of argument, and with dif- 
ferences for the seconds, are discussed in King [1], 85-89 and 96-99. 


G: MS Cairo Dar al- Kutub, miqat 108 (Foliated 1r-77v) 


This is a fairly complete copy of the Very Useful Tables. The copyist was 
‘Abd al-Bari? Nasr al-‘Ashhawi (?) al-RifaG al-Shüni, and the date of copying 
1218 Hijra (—1803 !). 

The title folio (fol. 1r) gives the full title of the work, and the author as 
Ibn Yünws, "the Egyptian observer for latitude 30°”. The same folio contains 
a table of notae (maddkhil) for the Muslim and Coptic months, in two sets of 
12x7 entries. To use these tables one must know the notae of Muharram 1 or 
Tüt 1. These can be found from tables which occur later in the MS, giving, for 
a particular Coptic year, the nota of Tüt 1 (falàma), the corresponding Hijra 
date, and the nota of Muharram 1 for that Muslim year. The range of the table 
is 1521-1680 Diocletian, or 1219-1383 Hijra, that is, 1804-1963. Calendrical 
tables of this sort are not found in the other MSS of Ibn Yunus’ works. 

The instructions (fols. 1v—3v) are similar to those in MS D (see Part 4 above), 
but the angles of solar depression to be used for morning and evening twilight are 
stated as 20? and 16? (nevertheless the twilight tables in MS G are based on 19? 
and 17?), and the last paragraph of the introduction in MS D is missing. The 
instructions end with the statement “this is the end of the treatise of al-mgsy 
(ai-Maqdisi)" (cf. footnote 32), and are followed by some additional notes (fols. 
3v:8-4r:13) by Ahmad b. Muhammad b. Ahmad al-Azhari, known as ai Bakhánigi. 
He states that he organized this book so that the three functions T, ¿ and a 
were tabulated together. He further states that the table of T is due to ai-mqsy 
(ai-Maqd:isi) ; that the table of t may be different from one which had been cal- 
culated previously (referring to discrepancies between the tables of Ibn Yunus 
and al-Maqdtsi?); and that the copyists' errors in the table of a computed by 
Abu l-Husayn (sic) b. Yunus had been corrected by Shams al-Din Abu ‘Abd Allah 
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Muhammad b. Ibrahim b. ‘Abd Allah al-Rashidi (apparently referring to the 
garbled tables for altitudes 81°, 82°, and 83? —see Section 3.2 above). He continues 
with the remark that Ibn Y nus had tabulated y and /, together on one page, 
and also the functions 4,, h,, 44, and a (h) at the equinoxes and solstices. His next 
statement is that the tables of tx, Ag, has Cot has tas Tas h, r, and s, are due to al-mqsy 
(ai-Maqgd1si). The question of the relationship between the tables of Ibn Y nus 
and of ai-Magdisi clearly requires further treatment. al-Bakhdniqi also refers to 
various tables which are not on the microfiln that I have examined, giving 
Cotangents, and the functions «,«’, and <, for Cairo. Another table not 
contained on the microfilm but mentioned by a/-Bakhániqi in the introduction, 
is referred to as al-da17 al-àfüqi, "universal hour-angle table." He remarks that 
this is for computing the hour-angle (the MS has “solar longitude’’!) according 
to a method of Ibn Y ünus, which was the shortest method he knew. (A table 
in MS CW.80v bears the title "table for finding the hour-angle with ease,’ 
and is simply Sec % tabulated to two significant digits for each degree of 92. 
Clearly, a table of g(4) provides a simpler means of computing the hour-angle 
from the solar altitude —see Section 3.2—but I have not yet located such a 
table in the sources.) 

In MS G, the time since sunrise, hour-angle, and solar azimuth are tabulated 
in triplets for each integral degree of altitude. Thus, each double-opening has 
6 columns of 30 triplets (for lower altitudes). This part of the MS was completed 
on Jumà&dà I 20, 1218 Hijra (= 1803). Following the calendrical tables described 
above are Ibn Yünus’ tables for general time-keeping purposes (fols. 68r-771). 
Only the tables of ke (4) and # (4), and of AD (å) are not contained in the other 
MSS consulted. This part of the MS was completed on Jumada II 8, 1218 Hijra, 
some two weeks after the completion of the first part. A note in a different hand 
on the last folio (fol. 77v) describes the calculation of time since sunrise from 
solar altitude. 


Added 1n proof: 


H: MS Cairo Azhar, falak 4382 (Foliated 1-71) 


This is a carefully copied MS of Ibn Yinus’ tables of t(h, A) (fols. 1 v-35r) 
and a(h, A) (fols. 36v-70v), and also of (4) and h,(A) (fol. 71v). Of particular 
interest is a table, not contained in the other sources, of the solar azimuth for 
certain altitudes at the equinoxes and solstices (fol. 71r). That this table is 
original is attested by a remark in the Hakimi Zij to the effect that if one has 
a table of a(A) computed for the equinoxes, then the half-excess of daylight 
for a general solar longitude can be found using the relation: 


WEIER 
Cf. King [1], 142-143, and also the description of MS G above. 

For the equinoxes, Jb» Yūnus tabulates a (h) for each degree of solar altitude 
from 1? to 60°. For the winter and summer solstices he tabulates a(k) for each 
0; 5? of solar altitude between 36; 5? and 36; 25?, and between 85; 5? and 85; 35? 
as well as for the value 83; 33°, respectively. Sample entries are shown in the 
following table: 
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Equinoxes Winter Solstice 
Altitude Azimuth Altitude Azimuth 
1° 0; 35? 36; 5? 82; 53? 
2 1; 9 36; 10 83; 43 
4 8; 54 36; 15 85; 2 
š 5 36: 0 86: 4 
30 19; 28 36; 25 90; 0 
45 35; 16 
59 73; 55 ' 
60 90: 0 Summer Solstice 
Altitude Azimuth 
83; 5? 67; 29? 
83; 10 69; 23 
83; 30 80; 47 
83; 33 84; 48 
83; 35 90; O 


K: MS Cairo Dar al- Kutub, miqat 137M 

This undated manuscript contains Ibn Yunus’ complete azimuth tables. The 
altitude argument runs beyond 83? to 86? (cf. Section 3.3 above), and in MS D 
it runs to 88°. The two sets of extra entries are clearly related, and are extracted 
below. The only explanation I can offer for these nonsense values is that they 
were added in order to make the tables more appealing to someone from, say, 
Medina. Assuming the latitude of that city to be 25? (as used, for example, in 
the prayer-tables in MS Damascus Záhirlya 27), the maximum solar altitude 
would be 88; 35°. 


84? 85? 86? 87? 88? 
MSD MSK MSD MSK MSD MSK MSD 


X 17° 78; O 78;12 13? 
18 78; 52. — 12 
19 75; 32. 78; 522. 78; 52. 78; 12 11 
20 73;44  73;44  75;44 78:52 74:44 74; 44 10 
21 71:27 71:24 73325 75:40 73;25 73;25 73; 25 9 
22 70;31  70;31 71332 73:25  71;32 71:30 571:32 741; 32 8 
23 68; 30 68;30 70; 1 71:32 70; 1 70; 1 70; 1 70; 1 7 
24 67; 1 68; 1 68:45 70; 1 68:45 68:45 68:15 68; 15 6 
25 67;46 67346 67:48 68:45 67:48 67:48 67:48 67; 48 5 
26 66;49 67349 66; 2 67:48 66; 2 67; 2 66; 2 66; 2 4 
27 66;27 66;27 66:27 67; 2 66:27 66;27 66;27 66; 27 3 
28 66; 3 66; 3 66; 4 67;27 66; 4 66; 4 66; 4 66; 4 2 
29 65:48 65:18 65:48 66; 4 65;48 65:48 65;48 65; 48 1 
30 65:42 65:42 65:44 65:48 65:41 65:41 65;41 65; 41 0 69 


(In MS K the following meridian altitudes are given for the extra columns: 
84°: 84; 40, 30° at X 17° 
85°: 85; 49, 1° at X 19° 
86°: 86; 30, 0° at X 20°.) 
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CX: MS Cairo Dar al-Kutub, miqat 72M 

This MS consists of a complete set of tables of (D, T). The tables are beauti- 
fully copied in the hand of Muhammad b. Muhammad b. ‘Abd al-Qawiy al- 
Qurashi, known as Ibn ai-Kitàni al-Alati, the instrument maker and calculator 
(cf. Suter [41], no. 411), and are dated Cairo, 747 H (—1346/7). The beginning 
of the introduction is missing, but the part which survives mentions twilight 
tables, and gives the above information about the copyist. Only the altitude 
tables are contained in the MS, and these are briefly discussed in Section 3.4. 


Sigla of Manuscripts Consulted 
On MSS B, C, D, E, G, H, and K see p. 347. Other MSS cited are the fol- 

lowing: 
L MS Leiden Or. 143 

(Chapters 1 to 22 of the Hakim: Zij) 
M MS Milan Ambrosiana 281e 

(Treatises due to [bn Yunus) 
O MS Oxford Bod. Hunt. 331 

(Chapters 21 to 44 of the Haka Zo) 
CE MS Cairo Dar al-Kutub, miqat 190 

(Natijat al-afkàr by al-Ladhiqi) 
CH MS Cairo Dar al-Kutub, miqat 107 
CI MS Cairo Dar al-Kutub, miqat 177 

(Prayer-tables of ai Mani) 
CL MS Cairo Dar al-Kutub, miqat 57 
CM MS Cairo Dar al-Kutub, miqat 157 
CN MS Cairo Dar al-Kutub, miqat 158 

(Anonymous prayer-tables based on those of Ibn Yinus) 
CO MS Cairo Dar al-Kutub, migat 53 

(Tables for timekeeping attributed to a/-Maqd:si) 
CQ MS Cairo Dar al-Kutub, mšqat 71 

(Tables due to al-Khalili and al-Halabi) 
CW MS Cairo Dar al-Kutub, miqat 204M 

(contains anonymous spherical astronomical tables for Cairo) 
CX MS Cairo Dar al-Kutub, miqat 72M 

(Altitude tables, perhaps by Ibn Yunus) 
CY MS Cairo Dar al-Kutub, migat 58M 

(“Azimuth tables" attributed to Ibn al-Majdi) 
DB MS Damascus Zàhiriya 3116 

(contains a/-Khalili's tables for time-keeping) 
DC MS Damascus Zahiriya 8868M 

(Anonymous prayer-tables for latitude 36°) 


EB MS Escorial ar. 970,10 
(Tuhfat al-ahbab by Ibn ai Mardi 
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HA MS Hartford Theological Seminary 621 
(Natijat al-ajkar by al Lddhiqi) 

LA MS British Museum 768 (Or. 3624) 
(The Mukhtar Zij of Abu l-SUqil) 

MB MS Milan Ambrosiana C84 
(Anonymous Yemeni tables for time-keeping) 

PB MS Paris Bibliothèque Nationale ar. 2513 
(Anonymous Zij based on Ibn Yunus) 

PF MS Paris Bibliothéque Nationale ar. 2558 
(Prayer-tables of ai Kali) 

PH MS Paris Bibliothéque Nationale ar. 2553 
(Natijat al-afkar by al-Làdhigi) 

ZD MS Princeton Yahuda 353 
(Salıh Effendi’s prayer-tables for Istanbul) 
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Astronomical Timekeeping in Fourteenth - Century Syria 


Introduction 


An important aspect of medieval Islamic astronomy was “¿Im al-miqat, 
astronomical timekeeping and the determination of the astronomically-defined 
times of prayer.? The astronomers who specialized in this branch of astronomy 
were known as muwaggits, and the main astronomers who bore this name 
were associated with the Umayyad Mosque in Damascus in the fourteenth 
century and with the Azhar Mosque in Cairo in the fifteenth century. 


Until a few years ago it was generally thought amongst historians of 
Islamic science that the muwaggits of medieval Islam had not contributed 
very much to the development of astronomy. One reason for this opinion 
is that *ilm al-miqát is a fairly simple discipline; thus, for example, all of the 
standard problems can be solved with an astrolabe. Another reason was that 
the scientific content of the known works of these 721110000115, that is, treatises 
on the determination of the prayer times, treatises on the use of astrolabes, 
almucantar and sinical quadrants, and sundials, is indeed rather meager. 
Another reason is that the most significant works on astronomical timekeep- 
ing by Muslim astronomers had never been studied in modern times before 


1970. 


My paper is devoted to a brief description of some of these works from 


(1) The research on medieval Islamic science conducted at the American Research Center in 
Egypt during 1972-79 was supported by the Smithsonian Institution and National Science Founda- 
tion, Washington, D.C., U.S.A. This support is gratefully acknowledged. It is also a pleasure to 
thank the Directors of the Egyptian National Library in Cairo, the Chester Beatty Library in Dublin, 
the Karl-Marx-Universitatsbibliothek in Leipzig, and the Bibliothèque Nationale in Paris for per- 
mission to publish the photographs reproduced in this article. 

(2) For a brief survey of the origins of “ilm al-miqát in the hadith and sunna of the Prophet Muham- 
mad see the article “Mika” by A. J. Wensinck in the Encyclopoedia of Islam, Ist. ed. (A medieval 
poem on the prayer-times is presented in the Arabic version of this article.) For a survey of the defini- 
tions of the prayer-times in medieval astronomical sources see E. Wiedemann and J. Frank, “Die 
Gebetszeiten im Islam", Sitzungsberichte der phys.- med. Sozietát zu Erlangen, 58 (1926), pp. 1-32, 
reprinted in E. Wiedemann, Aufsätze zur arabischen Wissenschaftsgeschichte, (Hildesheim, 1970), 
vol. II, pp. 757-788. For a survey of medieval tables for timekeeping see my forthcoming Studies 
in Astronomical Timekeeping in Medieval Islam: this includes a detailed analysis of all of the Syrian 
material mentioned in this article. 
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fourteenth - century Damascus. The works that I shall discuss are tables for 
astronomical timekeeping. Nowadays the times of prayer are regulated by 
tables: these tables have a history of over a thousand years, and I find it 
rather strange that no medieval examples had ever been studied until a few 
years ago. The medieval tables for timekeeping represent a tradition of so- 
phisticated mathematical astronomy that started in Abbasid Baghdad but 
more especially in Fatimid Cairo, reached its zenith at the Umayyad Mosque 
in Damascus during the time of Ibn al-Shatir, and continued all over the 
Ottoman Empire thereafter. 


The basic problems of Islamic astronomical timekeeping 


In order to appreciate the tables described below it is necessary to have 
some idea about spherical astronomy. Two of the main problems of spherical 
astronomy are the determination of time from solar or stellar altitude, and 
the determination of solar or stellar azimuth from the solar or stellar altitude. 
The hour-angle t and closely related time since sunrise T, as well as the azimuth 
a, are functions of the instantaneous solar altitude h, the solar declination 38, 
and the local latitude ». Mathematically correct solutions to the problems 
of the determination of t (h, 8, el and a (h, 8, p) were available to the ear- 
liest Muslim astronomers from Indian sources, and all Islamic zijes contain 
the standard trigonometric solutions. Most Islamic zijes, however, do not 
contain tables for timekeeping, which is one reason why these tables have 
remained unknown until recently. (Another reason is that most Arabic manu- 
scripts containing astronomical tables are not properly cataloged.) 


The most obvious practical application of astronomical timekeeping 
in medieval Islam was in the determination of the times of Muslim prayer. 
These are defined in terms of the apparent daily motion of the sun across the 
sky. The Muslim day begins at sunset with the şalāt al-maghrib, the alat 
al-*ishà' begins at the disappearance of evening twilight, the saldt al-fajr begins 
at the appearance of morning twilight, the salat al-zuhr begins when the sun 
starts to decline from the meridian, and the ;alat al-Ssasr begins when the 
shadow of any object has increased over its midday shadow by the length 
of the object. Two other topics treated in some medieval treatises on time- 
keeping are the determination of the qibla or direction of Mecca for a given 
locality and the determination of the visibility of the lunar crescent. Clearly 
the mathematical determination of the prayer times requires physical theo- 
ries of twilight and the effect of refraction at the horizon, as well as the de- 
termination of time from solar altitude. Likewise, the determination of the 


(3) On Islamic zijes see E. S. Kennedy, “A Survey of Islamic Astronomical Tables", Transac- 
tions of the American Philosophical Society, 42 (1956). 
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qibla requires the application of sophisticated trigonometric formulae, and 
the computation of solar and lunar positions relative to each other and to the 
local horizon on an evening when visibility is anticipated also involves non- 
trivial computational techniques. 


Ibn Yünus and the Cairo corpus of tables for timekeeping 


I do not propose to discuss the scanty evidence that we have of the 
determination of the prayer-times in early Islam or even in Abbasid Baghdad. 
Suffice it to say that we do have some very simple Abbasid tables displaying 
the length of the permitted intervals for the prayer times for each day of the 
year, computed for the latitude of Baghdad. We also have a highly sophis- 
ticated table for reckoning the time of day or night from solar or stellar 
altitudes from tenth - century Baghdad. But the use of such tables was not 
so widespread in the first few centuries of Islam that we find any reference 
whatsoever to them in the Ifrád al-magal fi amr al-zilàl of al-Birüni, which is 
our most important source on early Islamic timekeeping.‘ 


The celebrated late-tenth-century Egyptian astronomer Ibn Yünus? can 
be said, according to our present knowledge, to have started the tradition 
of astronomical timekeeping which characterized the activities of the later 
muwaqqits of Cairo and Damascus. It seems that he was the first to compile 
sets of tables of functions useful in timekeeping of the kind that were used 
in later Cairo and Damascus. In his great work al-Zij al-Hakimi dedicated 
to the Fatimid Caliph al-Hakim, he presented a set of tables displaying the 
altitude of the sun in various azimuths, notably the azimuth of the qibla, 
as well as the azimuth of the sun for various altitudes. These tables, computed 
very accurately for the latitude of Cairo, gave values in degrees and minutes 
for each degree of solar longitude. Each of these tables contains 180 entries. 


‘In another work Ibn Yünus compiled a set of tables called Kitab al-samt 


in which he tabulated the solar azimuth in degrees and minutes for each degree 
of solar altitude and each degree of solar longitude. The total number of entries 
in this table is about 10,000 and most of them are correct to the nearest minute. 
There is no doubt that these enormous tables inspired the later astronomers 
of Cairo and Damascus. Indeed the late-thirteenth-century Egyptian astrono- 
mer al-Maqsi compiled a similar table which he called Kitab al-dá'ir, display- 
ing the time since sunrise as a function of solar altitude and solar longitude. 


(4) Published in Hyderabad, 1948 from a unique manuscript preserved in Bankipore. Trans- 
lation and commentary by E. S. Kennedy published by the Institute for the History of Arabic Science 
in Aleppo, 1976. 

(5) On Ibn Y ünus see the article in the Dictionary of Scientific Biography and on the Cairo corpus 
see D. A. King, "Ibn Yünus' Very Useful Tables for Reckoning Time by the Sun”, Archive for 
the History of Exact Sciences, 10 (1913), pp. 342-394. 
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In the mid-fourteenth century the Egyptian astronomer Ibn al-Kattani pre- 
pared a set of hour-angle tables using al-Maqsi's tables. By the late fourteenth 
century there had been compiled a corpus of timekeeping tables for Cairo 
incorporating Ibn Yünus' Kitab al-samt, al-Maqsi's Kitab al-da’ir, and Ibn 
al-Kattàni's Kitab fadl al-dá'ir, as well as some thirty tables of simpler spher- 
ical astronomical functions and functions relating to the times of prayer. 
Altogether the tables contain over 35,000 entries, all computed to two sexa- 
gesimal figures. This corpus of tables was used in Cairo until the nineteenth 
century. 


Two of the leading astronomers of fourteenth-century Damascus studied 
astronomy in Egypt, namely, al-Mizzi and Ibn al-Shatir. Both compiled 
tables for timekeeping, and no doubt both were inspired by the tables they 
saw in use in Egypt. 


The tables for timekeeping of al-Mizzi, Ibn al-Shátir, and al-Karaki 


Shams al-Din Abi “Abd Allah Muhammad ibn Ahmad ibn ‘Abd al- 
Rahim al-Mizzi* was born in 690/1291, studied in Cairo, and later worked 
as a muwaqqit at the Umayyad Mosque in Damascus, where he died in 750/ 
1349. He was a fine instrument maker and four quadrants made by him are 
preserved in various museums. He also wrote treatises on the use of the astro- 
labe, sine quadrant, and almucantar quadrant. 


Al-Mizzi's tables for timekeeping are known to us from two sources. 
Firstly, his prayer-tables are preserved in the unique MS Cairo Där al-Kutub 
miqát 62M, copied about 900/1500. Secondly his hour-angle tables are described 
by the Jerusalem muwaqqit al-Karaki, who was a student of al-Mizzi. Al- 
Karaki mentions al-Mizzi's tables in his introduction to a corpus of timekeep- 
ing tables for Jerusalem, preserved in the unique MS Leipzig Universitäts- 
bibliothek 808, copied in Nablus in 805/1402-03. However, al-Mizzi's hour- 
angle tables are not extant in the known manuscript sources. 


Al-Mizzi's prayer-tables have the same format as those in the Cairo 
corpus (see Plate 2 ) and are computed for the parameters 


p = 33;27° and e = 23;33°, 


which were also used by Ibn al-Shatir in some of his early works. These tables 
display the following functions, with values for each degree of solar longitude 
computed to two sexagesimal digits: the solar declination and right ascen- 
sions (both of which are independent of ç), the solar meridian altitude, the 


(6) On al-Mizzi see L. A. Mayer, Islamic Astrolabists and their Works, (Geneva, 1956), pp. 61-62, 
and the references there cited. 
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equinoctial degrees in each seasonal hour of daylight, the equation of half 
daylight, the semidiurnal arc, the number of equinoctial hours, the meridian 
shadow length (base 12), the solar altitude at the beginning of the “asr, the 
nocturnal arc, the oblique ascensions, the solar rising amplitude, the solar 
altitude in the prime vertical, the intervals between midday and the beginning 
of the “asr and sunset, the duration of evening twilight, and the duration 
of morning twilight. All of these functions were tabulated in the Cairo corpus. 
From al-Karaki's description it is clear that al-Mizzi's hour-angle tables dis- 
played the hour-angle as a function of solar altitude and longitude for the 
same values of 9 and e. 


Ibn al-Shiatir’s’ tables for timekeeping are described in a short mtro- 
duction that he prepared to them, which survives in a unique copy, MS Leiden 
Universiteitsbibliotheek Or. 1001, fols. 108r-113r, prepared in 1010/1601. 
Ibn al-Shatir mentions that his tables were computed for latitude 34° (locality 
unspecified), and that the values of the various functions were displayed side 
by side for each degree of solar longitude. The functions specifically men- 
tioned (fol. 110v) are: the solar meridian altitude, the meridian shadow length 
(base 7), the semidiurnal arc, the solar altitude at the beginning of the “asr 
and the intervals between midday and the *a;r and sunset, the nocturnal 
arc, the durations of morning and evening twilight, and the hour-angle when 
the sun is in the azimuth of the qibla. Now MS Cairo Dar al-Kutub miqát 
1170, fols. 11r-22v, copied about 1050/1640, contains an anonymous set of 
tables of precisely these functions, and two others which are trivially related, 
tabulated side by side (see Plate 3), and computed for the parameters 


ẹ = 34;0° and e = 23;31°. 


This value of the obliquity is the one derived by Ibn al-Shatir in 765/1363-64, 
and although the tables in this Cairo manuscript are accompanied by a star 
catalog for the year 1033/1623 attributed to a later astronomer, it seems that 
the prayer-tables are indeed those of Ibn al-Shátir. 


Similar sets of prayer-tables for parameters 
9 = 41;15° (Istanbul) and e = 23;31° 
and g = 36;0° (Aleppo) and e = 23;31^ 


together with al-Khalili’s prayer-tables for Damascus, are contained in MS 
Cairo Dar al-Kutub Tal*at miqat 255, fols. 61v-80v, copied about 1100/1700. 


(7) On Ibn al-Shátir see E. S. Kennedy and I. Ghanem, eds., The Life and Work of Ibn al-Sháliri 
an Arab Astronomer of the Fourteenth Century (Aleppo, 1976), and the article in the Dictionary of 
Scientific Biography. 
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Another set for parameters 
9 = 21;30° (Mecca) and e = 23:31, 


again together with al-Khalili’s prayer-tables for Damascus, is contained 
in MS Cairo Dar al-Kutub miqát 184, fols. lv-6lr, copied about 1250/1835. 
There is no indication of the identity of the compiler of these tables for 
Istanbul, Aleppo, or Mecca, but the value used for ع‎ 15 characteristic of the 
Syrian tradition of Ibn al-Shatir and al-Khalili. 


The only other Syrian sets of tables for timekeeping known to have 
been compiled in the fourteenth century are those of al-Karaki and al-Khalili. 
Zayn al-Din Abü Bakr ibn Muhammad ibn Ayyüb al-Tamimi al-Karaki was 
a muwaqqit in Jerusalem, and as noted above, he was a student of al-Mizzi. 
His timekeeping tables are computed for latitude 329, that is, Jerusalem, 
and obliquity 23;35°. They display both the time since sunrise and the hour- 
angle side by side for each degree of altitude and for each degree of solar longi- 
tude. Thus the format differs from the tables of the Cairo corpus and al-Mizzi's 
tables. (See the extract in Plate 4.) It seems that al-Karaki simply altered the 
format of the earlier hour-angle tables for latitude 329 compiled by the Egyp- 
tian astronomer Ibn al-Rashidi and inserted the corresponding value of the 
time since sunrise for each entry. Àn anonymous set of prayer-tables for lati- 
tude 32? is contained in MS Princeton Yahuda 861; these were probably com- 
puted by Ibn al-Rashidi. There is no evidence that these tables for Jerusalem 
were widely used there. However, the Arabic scientific manuscripts preserved 
in Jerusalem have never been studied, and no doubt additional copies of the 
Jerusalem corpus may be discovered there when these manuscripts are again 
available for scholarly investigation. 


al-Khalili and the Damascus corpus of tables for timekeeping 
Shams al-Din Abū “Abd Allāh Muhammad ibn Muhammad al-Khalili? 


was an astronomer associated first with the Yalbugha Mosque in Damascus 
and later with the Umayyad Mosque. We have no biographical information 
on him, save that he was a contemporary of Ibn al-Shatir. As far as we know, 
al-Khalili did not write on planetary astronomy. All of his known works 
deal with “ilm al-miqat. Indeed, his major work, a set of tables for astronomical 
timekeeping, represents the culmination of the medieval Islamic achievement 
in the mathematical solution of the problems of spherical astronomy. Some 
of these tables were used in Damascus until the nineteenth century, and those 


(8) On al-Khalili see the article in the Dictionary of Scientific Biography. His auxiliary tables and 
qibla table are discussed in detail in D. A. King, *al-Khalili's Auxiliary Tables for Solving Problems 
of Spherical Astronomy," Journal for the History of Astronomy, 4 (1973), pp. 99-110, and **al-Khalili's 
Qibla Table", Journal of Near Eastern Studies, 34 (1975), pp. 81-122. 
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which were not computed specifically for the latitude of Damascus were also 
used in Cairo and Istanbul for several centuries. The main sets of tables (nos. 
2-5 below) survive in about two dozen manuscripts, of which the finest is MS 
Paris B. N. ar. 2558, copied in Damascus in 811/1408. (See the extracts in 
Plates 5-9.) 


Al-Khalili's tables can be subdivided as follows: 


(1) tables of auxiliary mathematical functions for timekeeping by the sun 
for all latitudes; 


(2) tables for reckoning time by the sun, for the latitude of Damascus; 


(3) tables for regulating the times of Muslim prayer, for the latitude of Damas- 
cus; 


(4) tables of auxiliary mathematical functions for solving the problems of 
spherical astronomy for all latitudes; 


(5) a table displaying the qibla, that is, the direction of Mecca, as a function 
of terrestrial latitude and longitude; and 


(6) tables for converting lunar ecliptic coordinates to equatorial coordinates. 


The first set of tables compiled by al-Khalili consisted of auxiliary 
tables for timekeeping by the sun and also a table of the solar azimuth as a 
function of the solar meridian altitude and instantaneous altitude. The auxi- 
liary tables, which contain over 9,000 entries, are intended specifically for 
facilitating the computation of the hour-angle for given solar altitude and 
solar longitude, and any terrestrial latitude. These tables in their original 
form survive in the unique MS Dublin Chester Beatty 4091, copied in 833/1429. 
They were not widely used, but they were plagiarized by later astronomers 
in both Cairo and Tunis. 


The next two sets of tables correspond to those in the corpus of spheri- 
cal astronomical tables computed for Cairo. They are computed for Ibn al- 
Shatir’s parameters, namely 


o = 33;30° and < = 23;319, 


Although al-Khalili does not mention any of his Egyptian or Syrian prede- 
cessors, his tables were clearly intended to replace those of his elder colleague 
al-Mizzi. Al-Khalili’s hour-angle tables and prayer-tables were used in Damas- 
cus until the nineteenth century. The Damascus muwaqqit Muhammad ibn 
Mustafa al-Tantawi, who died in 1889, was one of the last to use them, and 
he also converted the entries in the hour-angle tables from equatorial degrees 
and minutes to equinoctial hours and minutes. 


The fourth set of tables compiled by al-Khalili was designed to solve all 
th e standard problems of spherical astronomy, and they are particularly useful 
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for those problems which in modern terms involve the use of the cosine rule 
for spherical triangles. It should be stressed that the underlying formulae 
were known to Muslim astronomers already in the ninth century. However, 
al-Khalili ingeniously tabulated three functions, and gave detailed instruc- 
tions for their application. The functions are the following (the capital notation 
indicates that the medieval trigonometric functions are computed to base 
R = 60, thus Sin 9 = R sin 9, etc): 


R Sin 9 Sin 9 Tan ç 
Quer = ee , 


and 


Rx 
G (x, y) = arc Cos (ez? 9 


computed for the domains 
> 


1% 29. 909 


9 = 1°, 25,...,55?, as well as 21; 30° (Mecca) 
| and 33;30° (Damascus) 
x = 1, Dyck og OO 
y OP TS نه‎ ge (x) 
where n (x) is the largest integer such that 
Rx < Cos n (x). 


The entries in these tables, which number over 13,000, were computed 
to two sexagesimal digits and are invariably accurate. As an example of the 
use of these functions, we note the rule outlined by al-Khalili for finding the 
hour angle t for given solar or stellar altitude ^, declination 5, and terrestrial 
latitude v. This may be represented as follows: 


t(h, 39) =G {[ fo(h) — 8(5)]. 5] » 


and it is not difficult to show the equivalence of al-Khalili's rule to the modern 
formula 


t = are cos $ Sin bane |. 


cos à cos © 


Likewise the corresponding azimuth a (here measured from the meridian) 
can be found using 


a(h,3,9) = G { [ Bolh) — Sa) ], 4} 
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which is equivalent to the modern formula 


sin h sin g — sin § 


a = arc cos 
cosh cosco 


As an additional example of al-Khalili’s ingenuity we may cite his rule 
for converting ecliptic coordinates (4,8) to equatorial coordinates (x, A). This 
is equivalent for 0 < à < 90° to solving for x: 


Giap) = 90° — A 


and then solving for A: 


f(A) =} 2a(- x] 


The corresponding normed right ascension «'(— « + 90?) is then found using 


« =G{[ 258) — 2g.(A) ], A} 
These rules are approximately equivalent to the modern formulae 
sin A = sin Ê cos € + cos B sin À sin e 
sin « cos A sin € = sin A cos e — sin B 
with e ص‎ 


These auxiliary tables of al-Khalili were used for several centuries in 
Damascus, Cairo, and Istanbul, the three main centers of astronomical time- 
keeping in the Muslim world. 


Al-Khalili's computational ability is best revealed by his qibla table. 
The determination of the qibla for a given locality is one of the most complica- 
ted problems of medieval Islamic trigonometry. If (L ,%) and (Ly, vw) 
represent the longitude and latitude of a given locality and of Mecca, respec- 
tively, and AL = | L —Lq |, then the modern formula for q(o و‎ L), the 
direction of Mecca for the locality, measured from the south, is: 


— Get sin 9 cos a T 9 tan 9M 
Al-Khalili tabulated q (o , L) to two sexagesimal digits for the domains 
9 = 10°, 11°,..., 56°, and also 33 0 
and AL = 1°, 2%... , 60°, 
and the vast majority of the 2,880 cntries are either accurately computed 
or in error by + 0;1° or + 0;2°. He states that he used the method for finding 


the qibla expounded by the late- thirteenth - century Cairo astronomer Abi 
*Ali al-Marrákushi, and it seems that he used his universal auxiliary tables 
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to compute the qibla values, although they are generally more accurate than 
can be derived from the auxiliary tables in their present form. Several other 
qibla tables based on approximate formulae are known from the medieval 
period. Al-Khalili's table does not appear to have been widely used by later 
Muslim astronomers, and indeed the geographical gazeteers found in most 
Islamic zijes, displaying the latitude, longitude, and qibla of the cities in the 
Islamic world are adequate for practical purposes. 


The last set of tables known to have been compiled by al-Khalili is for 
converting lunar ecliptic coordinates to equatorial coordinates to facilitate 
computations relating to the visibility of the lunar crescent. 


Conclusion 


Al-Khalili's prayer-tables and hour-angle tables for Damascus were 
used there until the nineteenth century. As noted above they survive in about 
two dozen manuscript sources. His minor auxiliary tables were not widely 
used but were plagiarized by later Egyptian and Tunisian astronomers. His 
major universal auxiliary tables were copied in Damascus, Cairo, and Istanbul 
for several centuries. His qibla table, of which only three manuscript copies 
are known, does not appear to have been used much; I have the feeling that 
most later Muslim astronomers were unaware of its existence. 


Various other later Syrian astronomers computed modest sets of prayer- 
tables for certain specific latitudes. Examples survive for Nablus, Tripoli, 
Lattakia, and Aleppo. The Syrian tradition in timekeeping also influenced 
astronomers in Tunis and Istanbul. 


An interest in traditional Islamic astronomy continued in Syria until 
the turn of the present century. The Zijes of Ibn al-Shatir and Ulugh Beg 
were modified and simplified. The European *Zijes" of Cassini and Lalande, 
available in Turkish and Arabic translation, did not succeed in replacing the 
modified versions of the Zij of Ibn al-Shàtir and the Syrian versions of the 
Zij of Ulugh Beg. New treatises were written on the astrolabe, sine quadrant, 
and almucantar quadrant, as well as on the determination of the prayer times, 
but the only novel feature of these could be the number of chapters. The 
work of Ibn al-Shàtir in planetary astronomy and of al-Khalili in astronomi- 
cal timekeeping had marked the zenith of astronomy in medieval Syria. 


(9) Further information on this astronomical tradition is contained in a survey of mathematical 
astronomy in Egypt and Syria currently in preparation. 
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Plate 1. Two pages from the set of timekeeping tables for Cairo, from the Chester Beatty (Dublin) 
MS 3673. These two tables give the times between noon and the “asr, and the solar altitude, at the 
instant that the sun passes through the azimuth of the qibla. One enters the table with the solar longi- 
tude, from the top of the page for longitudes from the first of Aries to the end of Gemini, and from 
the first of Libra to the end of Sagittarius; and from the bottom of the page for the remaining zodiacal 
siens. The set for Cairo contains about two hundred pages of tables. 
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Plate 2. Pages from al-Mizzi’s timekeeping tables, from Dar al-Kutub (Cairo) MS miqat 62, giving 


the times remaining from the beginning of the “asr to sunset, and the argument at the end of twilight. 
The set contains ten folios. Note that the arrangement of the table is similar to that of the Cairo set 


Plate 3. Pages from Ibn al-Shatir’s timekeeping tables, calculated for Pos tude 349, taken from 
Dar al-Kutub (Cairo) MS miqdt 1170. Given are twelve eg ions side by side for the signs of Taurus 
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Plate 4. Pages from the tables of al-Karaki computed for the latitude of Jerusalem, from the 
Leipzig Universitütsbibliothek MS 808. They give the dg’ir and the fadl al-dá"ir, i, e., the time elapsed 
from sunrise, and the time remaining until culmination for each degree of solar altitude up to its 


maximum, when the sun is in Aries 19° / Virgo 119 (on the right) and Aries 20 / Virgo 10° (on the 
left. The «et consists af 180 oaodea of tab lea. / g 
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Plate 5. À selection from the tables of al-Khalili for the solar hour-angle, from BN (Paris) MS ar. 
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2558. Values are given for solar altitudes of 19° and 20° for each degree of solar longitude. The three 
columns which follow the column of the argument are used for the northern signs, the other three 
for the southern signs. There are thirty double pages like the above. 
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Plate 6. A selection from al-Khalili’s timekeeping tables, from BN (Paris) MS ar. 2558. Entries are given for 
each of twelve functions, for each degree of solar longitude, for the signs of Aquarius and Scorpio. Both sides of 
the table contain columns of the argument. The tabulated functions are similar to those of Ibn al-Shatir (Cf. 
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Plate 7. A selection from al-Khalili’s 2/201 table, from BN (Paris) MS ar.2558. Given are the func- 
tions fg (9) and 89 (G) called the **first and second retained”, for P= 19° and 20°, and for each degree 
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Plate 8. A selection from al-Khalili's dfági table, from BN (Paris) MS ar. 2558. This presents the 


function called jayb al-tartib for values of one of the independent variables of 17°, 189, 199, and 209, 


and for the other variable 16 90 336 l. A 909. There are fourteen double-pames of tables of this functian. 
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Plate 9. A selection from al-Khalili's gibla table, from BN (Paris) MS ar. 2558. The azimuth of the 
qibla is given for each degree of latitude from 399 through 449, and for each degree of longitude from 


79 through 1970. The set contains eight tables like this. 
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AL-KHALILPS AUXILIARY TABLES FOR SOLVING 
PROBLEMS OF SPHERICAL ASTRONOMY 


Early in the development of Islamic astronomy there were tabulated sets of 
functions which had no direct astronomical significance, but were of such a 
nature that ordered applications of them would lead to the solution of spherical 
astronomical problems. These auxiliary tables reveal considerable mathematical 
ingenuity on the part of their original compilers. Thus far the tables of three 
important Islamic astronomers have been studied, namely, those of Habash 
al-Hàsib! (ca 850); Abū Nasr Mansür? (ca 1000); and Ibn Yünus? (ca 1000). 
The purpose of the present paper is to discuss the auxiliary tables of al-Khalili* 
(ca 1375), an individual hitherto unrecognized in the literature as one of the 
greatest calculators of the Middle Ages. al-Khalili was associated with the 
Umayyad Mosque in Damascus, and was a colleague of the distinguished 
astronomer Ibn al-Shatir. Very little is known yet about the activities of these 
Damascus astronomers. 

The tables of Habash and Abü Nasr are comparable to each other in that 
they are essentially single-argument tables with a total of a few hundred 
entries." The tables of Ibn Yünus are scattered throughout his Zij, a lengthy 
compendium on astronomy, and are similar to those of his predecessor 
Habash and his contemporary Abü Nasr. However, Ibn Yünus, with his 
Very useful tables for timekeeping,? was the forerunner of an important de- 
velopment in Islamic astronomy, namely, the compilation of extensive tables 
for timekeeping by the Sun and for regulating the astronomically defined times 
of Muslim prayer. His spherical astronomical tables, many of which are 
double-argument tables, contain over 30,000 entries, calculated with remarkable 
accuracy. These tables, computed for the latitude of Cairo-Fustat, 2007. 
and for obliquity 23;35?, served as a model not only to a host of individuals 
who plagiarized them,? but also to certain astronomers who developed them. 
One of the latter was al-Khalili, who tabulated virtually all the functions 
tabulated by Ibn Yünus, but for the latitude of Damascus, namely, 33;30°, 
and for obliquity 23;31°.!° al-Khalili, however, had the ingenuity to devise a 
set of auxiliary functions which would work for all latitudes, at the cost of 
computing over 13,000 entries! This did not exhaust his ingenuity (or his 
patience): he also computed a table giving the gibla, that is, the direction of 
Mecca, for all latitudes and longitudes within the world of Islam." This table 
contains over 3,000 entries, whose accuracy is quite remarkable, considering 
the nature of the function tabulated. ] 

The auxiliary tables of al-Khalili and instructions on their use are to be . 
found in at least three manuscript sources: 


MS. Paris Bibliothèque Nationale, ar. 2558, fols 61v-104r;? 
MS. Princeton Yahuda 861,2; 
MS. Escorial ar. 931, fols I71r-211v.!5 
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The first of these is a beautiful manuscript, carefully copied in an elegant 
hand, and dated 811 Hijra (—1408). It is a complete copy of al-Khalili's 
prayer-tables and tables for timekeeping.!* The second manuscript is a carelessly 
copied version of the prayer-tables! of al-Wafa’i (ca 1450), similar to those of 
Ibn Yünus, but computed for each degree of latitude from 21? (Mecca) to 
41° (Istanbul), and containing over 20,000 entries. al-Khalili's auxiliary tables 
have been bound in the middle of these tables. The third manuscript is a volume 
comprising several astronomical works, in which al-Khalili's auxiliary tables 
have been inserted at the end. These tables were copied in 933 Hijra (—1526). 

al-Khalili tabulates three auxiliary functions, each to two sexagesimal digits. 
For the first two, the horizontal argument is terrestrial latitude, and I denote 
the functions by f, and ريع‎ where فل‎ is the local latitude. The vertical argument 
is defined in the instructions, and the functions are called al-mahfuz al-awwal 
and al-mahfiiz al-tháni respectively, "first and second functions". The third 
function, which I denote by G, has a quantity called jayb al-tartib, perhaps 
best rendered as “the auxiliary Sine”, for horizontal argument, and the vertical 
argument is defined in the instructions. The jayb al-tartib is an auxiliary 
function widely used in late Islamic astronomy, and its use will become apparent 
in what follows. 

The functions are not explained in the instructions, but are in fact: 


Sin 0 
Is) = ae 


Sin 0 Tan 
g0) = Sin Pan $, 


xR 
G(x,y) = arc Cos f Cos dé 


where the trigonometric functions are to base R = 60.18 These three functions 
are tabulated for the domains:?? 


0 = 1°, 2°,..., 90° 


pA 
a في‎ 
y = 0°, 1°,.. 


55°, and 33;30° (Damascus), 
59, 
WI n(x), 


where n(x) is the largest integer such that 
xR < Cos n(x). 
The values, written in standard Arabic sexagesimal notation, are arranged 
in columns of thirty entries. On a given double opening one finds values of 
f, and g, for two consecutive values of ¢, or values of G for four consecutive 
values of x. When the values of G are, in modern terms, non-real, no entry 
is given in the table. Columns which would be empty are omitted, and so, 
for example, the values of G for 
x = 52, 53,..., 59 


fit on a double opening in MS. B.N. ar. 2558, fols 103v-104r. If the values 
of G were tabulated in a single table the resulting table would be trapezoidal 
in shape. 
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TABLE 1. Selected entries from the table of f2(0). 


(Values are accurately computed, except where the error in the 
second digit is shown in square brackets.) 


J-atitude, ف‎ 


Argu- 

ment, 0 1° 2*. än 9 de 9". Ae STP 2 SAIS” ols 282 
1? 1; 3 1; 3 1; 4 1; AFI 1;13 1;6 1;50 
2° 2; 6 2; 6 2; 7 2;13 2;26[—1] 3;13[+1] 3;39 
3° 3; 8 3; 8[—1] 3;10[—1] 3;20[+1] 3;39[—1] 4;49[+2] 5;29[+1] 


17° 17;32[—1] 17533 17;45[—1] 18;33 20;29[--1] 26;45[+ 1] 30;36[--1] 
35° 34525 34526 34;50[+1] 36;23[—1] 40; 9 52;27 60; 0 
4» 40; 9 40;10 40;39 42;28 46;51[+ 1] 61;11[—1] 70; 0 
63° 53;28 53,30 54; 8 56;32 62;23[--1] 81;28[—1] 93;12 
78° 58;41[—1] 58;43 59;25 62; 4 68;28 89;26[—1] 102;19 
90° 60; 0[—1] 60; 2 60;44[—1] 63;28[--1] 70; 0 91;28[+ 1] 104;36 


The entries in al-Khalili's tables were computed with remarkable precision. 
Most of the entries are accurate, and the error in the remainder is usually 
only +1 in the second digit, and occasionally +2. Errors in the table of G 
are slightly more frequent than in the tables of f, and ريع‎ and larger isolated 
errors do occur. Tables 1-3 show random extracts from the three tables of 
al-Khalili, taken from MS. B.N. ar. 2558. The errors in the second digit are 
shown in square brackets, and are derived according to the convention 


error — text — recomputation. 


Table 4 shows a set of entries in the table of G(x,y) for small values of x and 
large values of y, which are inaccurately computed. I am unable to explain 
how these errors might have arisen. In the Appendix to this paper I have 
indicated the kind of trigonometric and multiplication tables al-Khalili may 
have used to compile these auxiliary tables, whieh contain respectively 5,040, 
5,040, and about 3,350 entries. 

I shall now explain the method of using the tables, following al-Khalili's 
instructions. The rules which he outlines in words? are here expressed in 
modern mathematical notation and are numbered. I explain most of the rules 
by transforming the modern expression? for the function under discussion into 
a form which is equivalent to al-Khalili's rule, given the definitions of the 
functions fg, ريع‎ and G. The arguments to be used in the tables are considered 
positive: in al-Khalili's introduction detailed instructions are given to cover 
all possible cases. Modern notation renders these superfluous in the commentary. 
The formulae on which his rules are based were well known in al-Khalili's 
time. Whilst some of them are not given in the Zij of al-Battani** (ca 900), 
all of them are contained in the Hakimi Zij of Ibn Yiinus* (ca 1000). 
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TABLE 2. Selected entries from the table of g4(0). 
(Values are accurately computed, except where the error in the 
second digit is shown in square brackets.) 
Latitude, ¢ 
Argu- 
ment, 0 I° 2” es 9 .. 18" .. M" .. 49 .. 55° 
1° 0; 1 0; 2 0;10 0;20 0;38 1;2 1;30 
2° 0; 2 0; 4 0;20 0;41 1;16[--1] 2;25 3; O[+1] 
3° 0; 3 0; 6[—1] 0;30 1; 1 1;54[+1] 3;37 4;29 
17° 0;18 0;36[—1] 2;46[—1] 5;42 10;32 20;10[—1] 25; 3 
35° | 6 1:12 527 IGH 20;41 39:36( 4-1] 49; 9 
42° 0;42 1;25[+1] 6;21[—1] 13; 2(—1] 24; 6[—1] 46;10[—1] 57;20 
63° 0;56 1;52 8;27[—1] 17;22 32: 61;31[+1] 76;21 
78° 1: 2[+1] 2; 3 9:17(—1] 19; 4 355316 67;30[—1] 83;48(— 1] 
90? 1: 3 2; 6 9;30 19;30 36; 3 69;1 85:41 


(i) To find the half diurnal arc, D, or half nocturnal arc, N, of a celestial body 
with declination 8,25 given the terrestrial latitude ¢, use: 


D 
N 


In modern notation, for both 6 2 0: 
D = 180° — N = 90° + arc sin {tan ó tan $}, 


| = G (g,(8), 8) for 8 Š 0, respectively. (1) 


so that: 


N os ó 


(ii) To find the hour-angle, t, given the solar altitude, A, for any declination 
and terrestrial latitude, use:?$ 


t = G (L0) — g,(8)], 8}. (2) 


in ô t 
D } = arc cos ar} for Š Š 0, respectively. 


The modern formula is: 
sin ñ — sin ó sing 

cos ó cos ó } 
sinh 
= arc cos {cos ó 


t = arc cos { 


— sind tang 
cos 6 


(iii) To find the lengths of evening and morning twilight, r and s, assuming angles 
of solar depression 17° and 19° at nightfall and daybreak respectively,” use: 


r = N — G ([f, 19°) + g,(8)), 8). (4) 


AL 


al-Khalili’s Auxiliary Tables 103 


The length of twilight for solar longitude A and declination ô is easily found” 
by calculating the time for the Sun to attain an altitude of 17° or 19° when the 
solar longitude is À + 180° and the declination is —6. The values of G in 
(3) and (4) define the corresponding hour-angles (cf. (2) above). Note also that: 


N(A) = D(A + 180°). 
(iv) To find the solar rising or ortive amplitude, V, use: 


y = 90° — G (g, (Š), $), (5) 


or solve: 


ga (E) = fa (9). (6) 


. [sin 8 
ij = arc sin ES 


In modern notation: 


so that: 
3 sin ó tan 45? 
y = 90? — arc cos [E 
and also: 
, _ sin ó 
sin y tan 45° = TF. 


Note that g4,(0) is the Sine function. 


TABLE 3. Selected entries from the table of G(x,y). 


(Values are accurately computed, except where the error in the 
second digit is shown in square brackets.) 


Auxiliary Sine, x 
20 32 
88; 6[+1] 70;32 51;45(—1] 39;56[—1] 10;28(— 1] 
1? 89; 3 88; 6[+1] 79,26 70;32 57;45[—1] 39;56 10;26 
2° 89; 3 88; 6[--1] 79:26  70;31 57;44(—1] 39;54 10;17 
13° 89; 1 88; 3[+1] 79;9 70; 0 56;48(—1] 38; 6[—1] — 


Argu- 


0° 89; 3° 


32° (88:522 5 7531 66515  51;2 25:8 — 
47 188336 8712 74;24 60;43[—1] 38;33 — E 
68° |87;26[—1] 84;54 6042  2740(21]  — — = 
74  186:31[L—1] 83; 2L—1] 8 — — — == 
89° |5s7;15% = 55 5 T e Y 
* Cf. Table 4. 


5 Text: 41. The restoration is confirmed by the accuracy of the adjacent entries. 
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(v) To find the altitude of a celestial body in the prime vertical, Ao, use: 
ho = 90° — G (g+ (8), $} (7) 
(MS. B.N. ar. 2558 has incorrectly: 


ho = G (g, (Ó), $». 
where $ is the complement of é, or solve: 


g, (ho) = f). (8) 
In modern notation: 
: E 1 
ho = arc sin 4 — }» 
sin $ 
so that: 
ho = 90? — arc cos [emm 
cos ó 
and also: 
. sin à 
sin ho tan ó = ep 
(vi) To find the solar azimuth, a, measured from the meridian, use: 
a = G le — fô), 4}. (9) 


The modern formula is: | 


sin # sin ó — sin ó 
a = arc cos ال‎ 


cos / cos $ 
sin ó 


sinh tang — — 


= arc cos cos dr: 


cos A 


(vi) To find the solar declination from an observed pair of values (/,a), when 
the local latitude is known, first solve for x in:?? 


a = G (xA), (10) 
and then solve for ó in: 
(Š) = GA) — x. (11) 
This procedure is the reverse of (9) above. 
(viii) To find both the solar declination and local latitude from two such pairs, 


subscripted 1 and 2, observed on the same day, first solve (10) for x, and x». 
Then define the quantity: 


Ax = x, — x, (12) 
called the argument (hissa), and the quantity: 
Ag = gas(/15) — Bagh). (13) 
Next find the quantity & called the correction (ta‘dil), defined by: 
ga (Ë) = Ag. (14) 
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TABLE 4. Selected entries in the table of G(x,y) containing anomalous errors. 


Auxiliary Sine, x 


44; 3^ 445 
34:[55]5° 33; 2 
16;46» 16;55 


bladed 
IIIIII 


a Whilst it is tempting to restore 57 to 17, it is also possible that al-Khalili computed 
R/Cos 89? as 57;15 (accurately, 57;18) and simply forgot to take the arc Cosine. MS 
Escorial ar. 931, fol. 196v also has 57;15. . 

b The entry for y = 60? has been omitted from this column and each of the entries is 
one space too high. 

* Text: 15. 


Corresponding recomputed values 
1 2 3 4 5 6 7 


Then solve for ¢ in: 
SA) = Ax. (15) 


Finally, the declination is to be found from (11) above. The procedures are 
easily verified by projecting the celestial sphere onto the meridian plane.” 


(ix) To find the declination of a star, A, from its ecliptic coordinates (A,), 
first find À”, the longitude difference between the star and the nearest solstice, 
and then solve for x in: 


A” = G {x,B}. (16) 
The declination is then found by solving?! I 
fal) = + {2819(B) + x}. (17) 


To explain this procedure, let e denote the obliquity of the ecliptic. The modern 
formula is then: 
A = arc sin (sin B cos e + cos f sin À sin e}, 
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so that: 
sin A = sin f cose + cos B sin À sin e, 
and: 
sin A _ sin B cose 


- = - cos 8 sin A. 
sin € sin e + 8 


In order to adapt this formula for use with al-Khalili's tables, we write: 
sin À 
cos ó, 
It follows that the values ¢, and 4, are defined by: 


= 4 (2 sin B tan $, + cos B sin A}. 


1 cos ó, = sine and 2 tan ó, = cot e. 


Since al-Khalili, following Ibn al-Shatir, used e = 23;31^, the accurate values 
of ó, and $, are: 


$, = 37;4° and $, = 48;58°. 
al-Khalili used the approximations: 
$, = 37° and Pe = 49°. 


(x) To find the normed right ascension a of a star,?? use: 
a” = G Dis) — 2g49(A)], A}, (18) 
where a" is the normed right ascension measured from a = 0° or «' = 180°. 


The modern formula for right ascension, «, may be written: 


. [sin À cose — sin B 
& = arc sin 4 ——— 


cos A sin e 
: sin 
. |sin A cote — — B 
— arc sin sin e >» 
cos A 
so that: 
. 2 sin 
; — |2sin A tan ó, — 8 
a’ = arc cos cos ó, 
cos A 
2sin 8 


— 2 sin À tan $, 
= arc cos 4 COS di ^v 


cos À 
where 4, and $, are as defined in (ix) above. 


In modern terms, it may be stated that al-Khalili's tables are auxiliary tables 
for solving problems of spherical astronomy which involve the cosine rule for 
spherical triangles. The formulae which define the functions treated by al- 
Khalili were well known to Islamic astronomers already in ‘Abbasid times, but 
no [slamic treatise dealing with the spherical cosine rule in its generality is 
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known from the medieval period. The formulae for the hour-angle and solar 
azimuth in terms of solar altitude, and for the declination and right ascension 
of a star in terms of its ecliptic coordinates can however be derived without 
difficulty by projection methods. 
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APPENDIX 


There is no explicit indication in the texts consulted of the method used by ai-Khalill to compile 
the tables. He clearly did not compute all of the entries directly, and the error patterns confirm that 
he used some kind of interpolation system. It may be that he computed the values of: 
SeccO R 
R Cos 


(0 = 1°, 2°,..., 89?) 


since these are required to compute: 


R 
G(1,y) = arc Cos { 


Cos y j 


It is reasonable to assume that he used the Secant function to compile the tables, rather than 
continually dividing by the Cosine in the tabulation of fg and G. No independent table of the Secant 
is contained in any known Islamic source, and the only Islamic table of the Cosecant function is 
in MS Berlin 5750, fols. 85r-87v, which may be due to Habash (cf. Kennedy [1], 151b). 

It is also possible that al-Khalili computed a table of arc Cos (z). No table of this kind is attested 
yet in the sources, and the only Islamic tables of arc Sin (z) known to me are contained in the Yemeni 
Mukhtar Zij (MS British Museum 768 (Or. 3624), fol. 169v), and in one manuscript of Ibn Yünus's 
Very useful tables (MS Chester Beatty 3673, fol. 8r). The function is computed to two sexagesimal 
digits for each 0;30 and 1;0 of argument, respectively, in the two tables. Tables of the Sine and 
Tangent function, accurately computed to, say, three sexagesimal digits, for each degree of argument 
were standard in the time of al-Khalili. He may have used the trigonometric tables of Ibn al-Shatir, 
in which the Sine is given to four sexagesimal digits for each degree of argument and the Tangent 
to three digits for each half degree (cf. Kennedy [1], 162b-163a). Alternatively, he might have used 
Sine tables like those of Ibn Yünus, computed to five sexagesimal digits for each minute of argument 
(cf. King [1], 9 and 85-89), to take the arc Cosine in the compilation of the table of G. 

Finally, it is certain that al-Khalill had at his disposal a multiplication table containing the 
sexagesimal products: 


mxn (m,n= 1,2,..., 60) 
such as, for example, 
34 x 13 = 7,22 and 41 x 23 = 15,43. 


Multiplication tables are not generally contained in Islamic zijes or tables for timekeeping. Indeed’ 
only one complete Islamic multiplication table has been noted in the literature. P. Luckey has 
described a table in a work by the Egyptian scholar Sibt al-Maáridini (d. ca 1500, cf. Suter [1], no. 
445, and Luckey (1], 68, and 39, n. 67). The multiplication table referred to by Küshyàr b. Labbàn 
(f. ca 1000, cf. Suter [1], no. 192, and Levey [1], 98 and 36-38) has been omitted from the manuscript 
published by M. Levey. Likewise, the Samarqand mathematician and astronomer al-Kashi (f. ca 
1430, cf. Luckey [1], esp. 47) in his treatise on arithmetic describes but does not reproduce the 
multiplication table which he used for his extensive calculations. R. Irani has discussed an extract 
from such a table contained in MS Princeton Yahuda 373 (cf. Irani Din. The following examples of 
complete Islamic sexagesimal multiplication tables have recently come to my attention, and there is 
every reason to suppose that numerous others survive in the vast manuscript sources. These tables 
were the standard computational aids of Islamic astronomers and mathematicians. 

(a) MS B.N. ar. 2531 is a work by the prolific Egyptian scholar Ibn ai-Majdi (d. 1447, cf. Suter (1], 
no. 432), dealing with the planetary tables of Ibn Yûnus and Ibn al-Shatir. Fols. 1[5v-127r contain 
a table of sexagesimal products: i 

mo 1,3... 120 
mx n E 1, 2 


+++, 60 


(b) MS B.N. ar. 2520 is an anonymous Zij comprising tables originally due to Ibn Yünus and 
Ibn al-Shatir. Fols 167v-173r contain a table of products 


mxn (n,n = 1,2,..., 60). 


At the head of each of the sixty columns for m, the value of Vm is given to three sexagesimal digits. 

(c) MS Princeton Yahuda 4072, fols 23r-29r, and 

(d) MS Aleppo Ahmadiya 1310. Both these sources contain tables similar to those in (b) above. 

In the second table m? is given at the head of each of the sixty columns for m. 

(e) MSS Munich 865 (313) and 866 (318). I have not inspected these sources, but the description 

of them in the catalogue (Aumer [1], 380) indicates that they contain a multiplication table. 
These tables are referred to in the sources as either al-jadwal al-sittini or jadwal al-nisba al-sittiniya, 

*"sexagesimal table”. 


XI 


110 


BIBLIOGRAPHY AND 
BIBLIOGRAPHICAL ABBREVIATIONS 


Aumer [1]: J. Aumer, Die arabischen Handschriften der kaiserlichen Hof- und Staatsbibliothek in 
München (Munich, 1866). 

Irani [1]: R. A. K. Irani, “The Jadwal al-Taqwim of Habash al-Hàsib", unpublished Master's 
dissertation, American University of Beirut (1956). 

Irani [2]: R. A. K. Irani, “Arabic Numeral Forms", Centaurus, iv (1955), 1-12. 

Irani [3]: R. A. K. Irani, “A Sexagesimal Multiplication Table in the Arabic Alphabetical System", 
Scripta mathematica, xviii (1952), 92-3. 

Jensen [1]: C. Jensen, "Abo Nasr Mansür's Approach to Spherical Astronomy as Developed in 
His Treatise The Table of Minutes”, Centaurus, xvi (1971), 1-19. 

Kennedy [1]: E. S. Kennedy, “A Survey of Islamic Astronomical Tables”, Transactions of the 
American Philosophical Society, N.S., xlvi, 2 (1956), 123-77. 

King [1]: D. A. King, “The Astronomical Works of Ibn Yünus", unpublished doctoral dissertation, 
Yale University (1972). 

King [2]: D. A. King, "Ibn Yûnus’ Very Useful Tables for Reckoning Time by the Sun”, to appear 
in Archive for the history of exact sciences. 

King [3]: D. A. King, ‘‘al-Khalili’s Qibla Table", to appear in Journal of Near Eastern studies. 

Levey [1]: M. Levey, Kashydr ibn Labbàn: principles of Hindu reckoning (Madison and Milwaukee, 
1965). 
Luckey [1]: P. Luckey, “Die Rechenkunst bei Gamšid b. Mas'üd al-Kāšī mit Rückblicken auf die 
ältere Geschichte des Rechnens", Abhandlungen für die Kunde des Morgenlandes, xxxi, | (1951). 
Renaud [1]: H. P. J. Renaud, Les manuscrits arabes de l’ Escorial. Tome ii, Fasc. 3: Sciences exactes 
et sciences occultes (Paris, 1941). 

Sayili [1]: A. Sayili, The observatory in Islam (Ankara, 1960). 

de Slane [1]: MacG. de Slane, Catalogue des manuscrits arabes (Paris, 1883-95). 

Smart (1]: W. M. Smart, Textbook on spherical astronomy (London, 1972 edn). 

Suter [1]: H. Suter, "Die Mathematiker und Astronomen der Araber und ihre Werke", Abhandlungen 
zur Geschichte der mathematischen Wissenschaften, x (1900). 

Wiedemann [1]: E. Wiedemann, Aufsätze zur arabischen Wissenschaftsgeschichte (2 vols, Hildesheim, 
1970). 


XII 


ASTRONOMICAL TIMEKEEPING IN OTTOMAN TURKEY 


The history of astronomy in Ottoman Turkey is a much neglected 
area of the history of Islamic science.' In this paper I shall discuss just 
one aspect of the activity of the astronomers of Ottoman Turkey, na- 
mely, the determination of time by the sun and stars and the regula- 
tion of the astronomically defined times of the five daily prayers.’ 


The Ottoman astronomers who specialized in this branch of ast- 
ronomy were called mwwaqqits? and they had at their disposal several 
means of regulating time in general and the prayer-times in particular. 
Firstly, thanks mainly to their contact with Europe, they had from the 
sixteenth century onwards mechanical clocks.‘ Secondly, as heirs to the 
earlier Islamic astronomical tradition, they had sundials for regulating 
the time of day and the day-time prayers; and quadrants which ser- 
ved as analog computers to determine the time of day or night from the 
observed altitude of the sun or stars and to derive the times of prayer 
for a given day. Thirdly, and perhaps of more interest to the history 
of mathematical astronomy, they used mathematical tables displaying 
the time of day or night in terms of solar or stellar altitude and displa- 
ying the times of the prayers throughout the year. It is these tables, 
which have not been previously discussed in the modern literature, that 
concern the present study. 


Let us begin with a brief account of the definitions of the times of 
Muslim prayer which were standard in Ottoman Turkey. The definitions 
of the times of prayer were fixed in the eight century, and with few 
attested exceptions, have been in use for over a millenium.? The prayers 
are to be performed within specified intervals of time defined by their 
endpoints. The Muslim day begins at sunset with the first prayer (Ara- 
bic maghrib, modern Turkish aksam). The second prayer begins at night- 
fall (A. °isha’, T. yatsi), and the third prayer begins at daybreak (A. 
fajr, T. tan or fecir) and must be completed by sunrise. The fourth pra- 
yer begins when the sun begins to decline from the meridian (A. zuhr, 
T. öğle). The fifth prayer is in the afternoon (A; ?agr, T. ikindi) and 


begins when the shadow of an object of length n has increased beyond 
its midday minimum s, by an amount As equal to ^? Either the begin- 
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ning of an interval for another prayer, that is, a second °agr, or the end 
of the interval for the first °asr, takes place when the increase 
of the shadow is equal to 2n; most Ottoman sources differentiate bet- 
ween asr-i-awwal and asr-i-sani, a first and a second ?agr. Some Otto- 
man sources also mention a prayer in the late morning (Arabic duha or 
dahwa, Ottoman Turkish zahwe, modern Turkish kusluk). 

The hour-angle at the times defined by these rules can be determi- 
ned using formulae known to Muslim astronomers since Abbasid times. 
The modern formula for the hour-angle £ as a function of the instanta- 
neous altitude A and declination 8 for latitude ب‎ is 
sin h -sin 8 sin g | 

cos 8 COS o J 
and the Islamic methods for determining the hour-angle, which were 
mainly derived from stereographic projections of the celestial sphere, 
were equivalent to this formula. From the hour-angle at the beginning 
of each prayer one can easily derive the durations of each of the pra- 
yer-times, or express the times of the prayers in mean local time or ac- 
cording to the Turkish convention in which sunset is reckoned as 12 
o'clock.!! 


t (h, 8, 9) = arc cos I 


Already in the ninth century there began a Muslim tradition of 
compiling tables displaying the times of prayer for each degree of so- 
lar longitude À or each day of the year. More extensive tables were com- 
piled displaying the hour-angle ¢ or time since rising T of the sun for 
each degree of solar altitude kh and each degree of solar longitude A, or 
alternatively for each degree of solar meridian altitude H and each deg- 
ree of solar altitude h. The Ottomans were the heirs to this earlier tra- 
dition. 

Before we survey some of the tables compiled by Ottoman astrono- 
mers for the purposes of timekeeping, we should point out that the be- 
ginnings of astronomy in Ottoman Turkey are very obscure. Indeed, we 
are as yet completely in the dark concerning astronomical knowledge 


amongst the Ottomans before the early  fifteenth century when Qadi 
Zade al-Rumi, who was born in Bursa, then the Ottoman capital, joined 
the staff of the Samarqand Observatory of Ulugh Beg and later beca- 


me its director? The next director was °Ali Qushyg who, on the death 


of Ulugh Beg, entered the service of the Sultan Muhammad II in Istan- 
bul 12 From that time onwards astronomy flourished in Istanbul, and 


for several centuries there existed a distinctly Ottoman tradition based 
mainly on the works of al-Jaghmini, Nasir al-Din al-Tusi, and Ulugh Beg, 
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and commentaries thereon. Alongside this main tradition of theoretical 
and planetary astronomy there was another concerned with astronomi- 
cal timekeeping, which was derived from Egypt and Syria. In order to 
appreciate the Ottoman activity in this branch of astronomy it is neces- 
sary to bear in mind that original Muslim activity in astronomical time- 
keeping reached its peak in fourteenth century Damascus, and we have 
evidence that the works of al-Khalili and Ibn al-Shatir, the two main 
representatives of this Syrian school" were known in Istanbul in the 
fifteenth century. 


The following remarks on some of the tables compiled by Ottoman 
astronomers reveal for the first time the scope of the interest in astro- 
nomical timekeeping in Ottoman Turkey. Most of the tables discussed 
have been recomputed using an electronic computer to investigate their 
accuracy (see Plate 6). 


Shaykh Vefa 


Mustafa ibn Ahmad known as Shaykh Vefa was a celebrated Sufi 
shaykh whose wide academic interests included astronomy. He lived in 


the time of Sultans Muhammad II and Bayazid II and died in the year 
1491.15 Whilst on a pilgrimage he was captured and imprisoned on Rho- 
des, and whilst in prison he compiled a set of astronomical tables in the 
form of an almanac (ruzname). This Ruzname-i-Vefa, which remained 
popular for several centuries and exists in dozens of manuscripts, con- 
sists of tables for calendar conversion and also for regulating the times 
of prayer. The latter tables display the length of daylight, length of 
night, the time from sunrise to midday, the time from midday to the 


°asr and the time from the ?asr to sunset and the length of twilight (see 
Plate 1). Entries are given for each day of the year in equinoctial hours 


and fractions thereof (expressed in equatorial degrees, where 1 hour — 15 
degrees), and are computed for latitude 41;30°, which is half a degree 


too high for Istanbul. Many of the manuscript copies of Vefa's Ruzname, 
including the one published by Velschius in 1676," contain only the ca- 


lendrical tables and not the prayer-tables, perhaps because the Ruzname 
of Darendeli (see below) was recognized as more accurate. 


Muhammad ibn Katib Sinan 


Muhammad ibn Yusuf, otherwise known as Muhammad ibn Kâtib 
Sinan, was a mWwwaqqit at the imperial palace in Istanbul in the time 
of the Sultan Bayazid II (ca. 1500( .:5 Two of his works concern the pre- 


sent study. The first, extant in three copies in the Topkapi and Aya So- 
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fia (Süleymaniye) Libraries,? is a Turkish recension of the auxiliary 
tables of al-Khalili of Damascus for solving all the standard problems 
of spherical astronomy for all latitudes.’ Muhammad ibn Katib Sinan 
translated the introduction of the tables into Turkish and added a spe- 
cial table for latitude 40;30? (for an unspecified locality) to al-Khalili's 
set for each degree of latitude (see Plate 2). It is clear that al-Khalili's 
tables were already known in Turkey: a manuscript in the Hamidiye 
(Süleymaniye) Library contains al-Khalili'S8 tables copied in Edirne in 
1464/5. 


The other work by Muhammad ibn Katib Sinan is likewise preser- 
ved only in two manuscripts in the Topkapi and Aya Sofia (Süleyma- 
niye) Libraries.? It consists of tables for reckoning time by the stars, 
and contains over 500 pages of tables containing about a quarter of a 
million entries. The main tables display the time since sunset, the time 
remaining until sunrise, the time remaining until daybreak, and the 
time remaining until midday, for each degree of the normed right as- 
cension and each degree of solar longitude (see Plate 3). One simply 
observes a star which is culminating instantaneously, reads its ascen- 
sion from a separate table also presented by Muhammad ibn Katib Si- 
nan, enters the ascension and the solar longitude in the main table and 
reads the time of night. This enormous table has no parallel in the 
known Islamic manuscript sources, the only precedent being a much 
smaller table compiled in Damascus about 1425 displaying the time re- 
maining until daybreak as a function of solar longitude for seven cul- 
minating stars (which vary for each zodiacal sign). This table thus rep- 
resents the most original Ottoman contribution to astronomical time- 
keeping by tables. 


Taqi LDin 

A manuscript in the Library of Kandilli Observatory is in the hand 
of the astronomer Taqi l-Din, who founded the Istanbul observatory in 
1577.3 This manuscript contains inter alia his small zu (that is, an ast- 
ronomical handbook with tables) entitled Sidrat al-muntaha and his 
works on stereographic projection and observational instruments, as well 
as a table for timekeeping, which is not contained in any other known 
manuscript. I see no reason to doubt that this table was compiled by 
Taqi 1-Din himself. It displays the hour-angle and time since sunrise in 
equatorial degrees and minutes for each degree of meridian solar alti- 
tude and each degree of instantaneous solar altitude (see Plate 4), and 
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the entries are based on parameters ç = 41° (Istanbul) and € = 23;30° 
(taken from the value of Ulugh Beg). This table, which contains over 
6,000 entries, is of the variety known in medieval Arabic as taylasan, 
“shawl,” because of their trapezoidal shape (since the two arguments 
H and h are such that min H < h < H < (max B). The earliest example 
of such a table dates from tenth century Baghdad, and several later tab- 
les of this kind were computed for other latitudes, including one for the 
latitude of Maragha by the astronomers of Nasir al-Din al-Tus1.** No 
such taylasan tables were compiled for Cairo or Damascus and it seems 
probable that Taqi l-Din, if he is indeed the compiler of this table, was 
inspired by the taylasan table for Maragha in the Zij-i-Ilkhani of al-Tusi. 

Simpler versions of such a taylasan table for Istanbul, giving ent- 
ries to, say, degrees for each five degrees of both arguments, were oc- 
casionally inscribed on quadrants. One would compute the meridian al- 
titude of the sun, measure the instantaneous altitude of the sun, and use 
the table to estimate the time since sunrise. An example of such quad- 
rant is preserved in Kandilli Observatory Library. 


Darendeli 


Nothing of consequence is known about Darendeli, the author of a 
second Ruzname for Istanbul, save that he or his family was associated 
with the town of Darende in central Anatolia. He appears to have lived 
in the seventeenth century. His almanac exists in several manuscript co- 
pies,5 and has been published by D’Ohsson in his Tableau Général de 
l'Empire Ottoman, 1787. 


Darendeli's tables are arranged for each degree of solar longitude, 
and display the length of daylight, the length of night, the time of mid- 


day, the times of the first and second ?asr, the times of nightfall and 
daybreak, the time when the sun is in the azimuth of Mecca, and the 


time of the zahwe (see Plate 5). Times are given in hours and minutes 
according to the Ottoman convention, and are based on latitude 41°. 
The tables for twilight are based on the assumption that morning twi- 
light begins and evening twilight ends when the sun is respectively 19° 
and 17? below the horizon: these are the standard parameters for twi- 
light used by the Ottoman astronomers and were borrowed from al-Kha- 
1nli and Ibn al-Shatir." The time when the sun is in the direction of 
Mecca corresponds to a direction of 42? east of south, indicating that 
the longitude difference between Istanbul and Mecca was taken as about 
17° (the actual value is about 11?).?* The time of the zahwe is taken as 
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midway between daybreak and sunset, a definition still used, for examp- 
le, in modern Pakistan.? In the other few instances where this prayer 
is mentioned in the medieval astronomical sources a quite different de- 
finition is used.*° 


Anonymous 


An anonymous manuscript in Istanbul University Library contains 
an extensive set of prayer-tables for Istanbul after the model of al-Kha- 
hh's prayer-tables for Damascus." Values are given in degrees and mi- 
nutes for each degree of solar longitude for some twenty-two functions 
relating to timekeeping, including the solar altitude and hour-angles at 
the two °asrs and when the sun is the direction of Mecca, and the du- 
rations of morning and evening twilight. Values are based on latitude 
41;15°, and the tables may not have been extensively used because, alt- 
hough they are very accurately computed, they were based on this in- 
correct latitude. 


Ahmad Efendi 


A unique manuscript in Kandilli Observatory Library contains a 
set of tables for timekeeping compiled in 1684 by Ahmad Efendi known 
as al-Misri al-Islambull (the Egyptian living in Istanbul).** The set of 
tables display the hour-angle expressed in equatorial degrees and minu- 
tes for each degree of solar altitude and each degree of solar longitude 
(see Plate 7). These tables, which contain over 10,000 entries, are ba- 
sed on parameters o = 41? (Istanbul and € = 23;30° (taken from 
Ulugh Beg’s value). They have identical format to those in the Cairo 
corpus of tables for timekeeping, compiled several centuries previously. 
They were superceded a century later by more extensive tables of Salih 
Efendi (see below). 


Salih Efendi 

About 1775 the Ottoman astronomer Salih Efendi compiled an enor- 
mous corpus of tables for timekeeping by the sun, which is extant in 
several manuscript copies. These tables, which contain over 80,000 


entries, and a simpler version thereof by Sadiq Jihangiri (see below), 
were used extensively in Istanbul in the nineteenth century. The tables 


display not only the hour-angle for each degree of solar longitude and 
for each degree of solar altitude up to the maximum for that longitude, 
but also the times when the sun has this altitude in the east and in the 
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west in equatorial degrees (al-da' ir), equatorial hours (al-mustawiya), 
seasonal hours (al-zamaniya), and in equatorial hours according to the 


Turkish convention (al-muwafaqa) (see Plate 8). At the end of the main 


set of tables the times of the first and second ?asrs, nightfall and day- 
break are given for each degree of solar longitude, expressed in the Tur- 


kish convention. Values in all the tables are given to three sexagesimal 
digits rather than two as was standard, and are very carefully compu- 
ted; thus, for example, the values of the hour-angle are given to seconds 
of arcs, usually correctly, and the corresponding times of day, expressed 
in hours, minutes, and seconds, are also generally correct. All of the 
values are based on ç = 41? (Istanbul) and € = 23;28,54? (taken from 


Taqi 1-Din). A shorter version of these tables prepared by Sadiq Jihan- 
giri?* displays only the time since sunrise for eastern and western al- 
titudes expressed in the Turkish convention and in hours and minutes 


only (see Plate 9). 


Anonymous (Edirne) 


A unique manuscript in Oxford contains a set of tables displaying 
the hour-angle and time since sunrise as a function of solar altitude and 
solar longitude for each degree of both arguments for the latitude of 
Edirne, taken as 429,35 Likewise a unique manuscript in the Süleyma- 
niye Library contains a set of minor tables for timekeeping for the sa- 
me latitude. No tables for the prayer-times are contained in either of 
these sources, which are both anonymous. 


Miscellaneous 


Other prayer-tables of the Ottoman kind exemplified by the Ruz- 
names of Shaykh Vefa and Darendeli were compiled for other latitu- 
des in the Ottoman Empire. Examples are known for such localities as 
Algiers, Cairo, Damietta, Medina, Mecca, Sanaa, Damascus, Aleppo, and 
Crete. In some cases, such as the tables for Cairo and Damascus, the 
Ottoman-type prayer-tables were compiled using the earlier prayer-tab- 
les which had already ‘been in use for several centuries. In other cases, 
such as the tables for Algiers and Sanaa, we do not yet know of any 
earlier prayer-tables for these localities. So far no Ottoman-type prayer- 
tables have been identified in the manuscript sources for any other lo- 
cality in Turkey other than Istanbul. This I find rather surprising. 


Other Ottoman-type tables for timekeeping by the sun after the 
model of those of Salih Efendi have been identified only for Cairo, Da- 
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mascus, Jerusalem, and Mecca. Only in the last case were these tables 
not based on earlier tables; these tables for Mecca were compiled in the 


early nineteenth century by Husayn Husni, the second astronomer of 
the Ottoman Empire. 


Postscript 


The above examples do not exhaust the known tables compiled by 
Ottoman astronomers for the purposes of timekeeping and preserved in 
manuscript form, but they must suffice in this brief survey. In Turkey 
in the nineteenth century the prayer-times were displayed in annual al- 
manacs or diaries (see Plate 10). Modern Turkish prayer-tables (see 
Plate 11) also continue an Ottoman tradition by displaying the times 
of prayer not only in local standard time but also according to the Ot- 
toman convention (ezami). Dr. Fatin Gókmen, first Director of Kandilli 
Observatory, wrote a book on the theory and use of the almucantar 
quadrant. Dr. Muammer Dizer, the present Director, has conducted de- 
tailed investigations of the determination of first visibility of the lunar 
crescent as well as the computation of the prayer-times by modern met- 
hods, and has prepared prayer-tables for longitudes and latitudes all over 
the world by electronic computer (see Plate 12). Thus the interest in 
astronomical timekeeping cultivated by the Ottomans has continued to 
this day in modern Turkey. 


Acknowledgements 


The research on medieval Islamic science conducted at the Ameri- 
can Research Center in Egypt since 1972 has been supported mainly by 
the Smithsonian Institution (1972-80), the National Science Founda- 
tion, Washington, D.C. (1972-80), and the Ford Foundation (1976-78). 
This support is gratefully acknowledged. 


It is a pleasure to express my gratitude to the Directors of Kandilli 
Observatory, the Topkapi Saray Library, and Princeton University Lib- 
rary, for permission to publish photographs of manuscripts in their col- 
lections. 


AA 


Notes 


1. The standard bibliographical sources for Islamic science, namely, H. Su- 
ter, “Die Mathematiker und Astronomen der Araber und ihre Werke," Abhand- 
lungen zur Geschichte der mathematischen Wissenschaften, 10 (1900), and the 
surveys of Arabic and Persian literature by Brockelmann and Storey, contain 
very little information on any Ottoman astronomers other than Qadi Zade, * Ali 
Qushji, and Taqi 1-Din. A. Azzawi's History of Astronomy in Iraq, Baghdad: 
Iraqdi Academy Press, 1958, contains some useful additional biographical and 
bibliographical information which is, however, poorly documented. Apart from a 
series of articles on specific topics that have been published by A. Sayili and 
S. Tekeli, and also A.S. Unver, Ottoman astronomy is therefore an untapped 
field, and there is an obvious need for a bibliographical survey of the vast 
amount of available manuscript sources and a series of monographs on parti- 
cular aspects of Ottoman astronomy. 


2. This paper is essentially an abridgement of the section on Ottoman Tur- 
key in my forthcoming Studies in Astronomical Timekeeping in Medieval Islam, 
which contains an analysis of all known medieval Islamic tables for regulating 
time by the sun and stars and for regulating the times of prayer. The interes- 
ted reader may consult my "Astronomical Timekeeping in Medieval Islam," Ac- 
tes du XXIX! Congrès international des Orientalistes, (Paris, 1973), II/2, pp. 
86-90; and "Ibn Yunus' Very Useful Tables for Regulating the Time by the 
Sun,” Archive for History of Exact Sciences, 10 (1973), pp. 342-394; and “Ast- 
ronomical Timekeeping in Fourteenth Century Syria," Proceedings of the First 
International Symposium on the History of Arabic Science, (Aleppo, 1976). 


3. A useful study on the muvakkithanes (that is, the buildings adjacent to 
the mosques where the muwagqits worked) of Istanbul is A.S. Ünver, “Osmanli 
Türklerinde İlim Tarihinde Muvakkithaneler,” Atatürk Konferansları, V (1975), 
pp. 217-257. See also the same author's paper presented at this Symposium. 


4. On clocks in Ottoman Turkey see S. Tekeli, Clocks in the Ottoman Em- 
pire in the 16th Century.., Ankara Universitesi Dil ve Tarih-Cografya Fakül- 
tesi Yayınları, Sayi 171, 1966; A. Y. al-Hassan, Taqi 1-Din and Arab Mechanical 
Engineering (in Arabic), Aleppo: Institute for the History of Arabic Science, 
1976; and O. Kurz, European Clocks and Watches in the Near East, London: 
The Warburg Institute and Leiden: E.J. Brill, 1975. 


5. An inventory of some sundials in Turkey is given in A.S. Unver, “Sur 
les candrans solaires horizontaux et verticaux en Turquie," Archives Interna- 
tionales d'Histoire des Sciences, 28-29 (1945), pp. 254-266. See now the paper by 
W. Meyer presented at this Symposium, and also R. Rohr, "Astrolabium und 
Sonnenuhr in Dienste der Moschee," Centaurus, 18 (1973), pp. 44-56. 
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6. On the use of the quadrant by Ottoman astronomers see, for example, 
J. Würschmidt, "Die Schriften Gedosis über die Hohenparallelen und über die 
Sinustafel,” Sitzungsberichte der phys. -med. Sozietüt zw Erlangen, 60 (1928), 
pp. 127-154, and L. Janin and R. Rohr, "Deux astrolabes-quadrants turcs," 19 
(1975), pp. 108-124. The astrolabe was much less frequently used by Ottoman 
astronomers than the almucantar and sinical quadrants. 

7T. For a brief survey of the definitions found in the Qur'an and the hadith 
see A.J. Wensinck's article “Mikat” in the Encyclopaedia of Islam (lst. edition). 

8. See J. Frank and E. Wiedemann, "Die Gebetszeiten im Islam," Sitzungsbe- 
richte der phys. med, Sozietát zw Erlangen, 58 (1926), pp. 1-32, reprinted in 
E. Wiedemann, Aufsätze zur arabischen Wissenschaftsgeschichte, 2 vols. Hil- 
desheim: Georg Olm, 1970, vol. 2, pp. 751-188. 

9. In a paper currently in preparation I demonstrate that the definitions 
As =n and 2n for the “asr (and As = 1/4 n for the zuhr in some Andalusian 
sources) were intended as practical means of regulating the prayer-times de- 
fined originally in terms of the seasonal hours, and also that the Arabic na- 
mes of the prayers are the same as the names of the corresponding seasonal 
hours in pre-Islamic Arabic. 

10. See, for example, M. L. Davidian, "al-Biruni on the Time of Day from 
Shadow Lengths," Journal of the American Oriental Society, 80 (1960), pp. 330- 
335. 

11. Since the Islamic day begins at sunset, the motivation behind this con- 
vention is clear; however, the details of its introduction and adoption all over 
the Ottoman Empire are obscure. The convention is, of course, not convenient 
when one is measuring time with mechanical clocks: in order to keep time in 
the Turkish convention, clocks must be adjusted to 12 o'clock each day at sun- 
set. See further J. Würschmidt, "Die Zeitrechnung im Osmanischen Reiche," 
Deutsche Optische Wochenscrift, 1917, pp. 88-100, and Kurz, op. cit. (note 4), 
pp. 83-84. 

12. On Qadi Zade see Suter, op. cit. (note 1), no. 430. 

13. On °Ali Qushji see Suter, op. cit. (note 1), no. 438, and now M. Cunbur, 
Ali Kuşçu Bibliyografyasi, Ankara: Başbakanlık Basımevi, 1974. 

14. On al-Khalili and Ibn al-Shatir see my articles in the Dictionary of Sci 
entific Biography. See also note 2 above. 

15. Shaykh Vefa is not mentioned in the modern sources on Islamic science. 
This biographical information comes from MS Cairo Dar al-Kutub K4037 of 
an anonymous commentary on his Ruzname. 

16. For example, MSS Istanbul Nurosmaniye 2914,1 and Kandilli Observa- 
tory 496, and Paris B.N. turque 186, 187, 188, and 194. 

17. G.H. Velschius, Commentarius in Ruzname Naurus, Augusta Vindelico- 
rum, 1676. 

18. On Muhammad ibn Katib Sinan al-Qunawi (from Konya) see Suter, op. 
cit. (note 1), no. 455. Suter writes of him as wazir, but in the astronomical works 
of his which I have studied he is identified as a mwwaqqit. He is possibly the 
son of another Ottoman astronomer Yusuf ibn Khidrbeg (Suter, no. 443) known 
as Sinan Pasha, who was a wazir of Sultan Muhammad II. 
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19. MSS Istanbul Topkapi T 1618 (Ahmad III 3499) and T 2932 (Hazine 1760) 
and Aya Sofia 2590. 

20. An analysis of these tables is contained in D. A. King, “al-Khalili’s Auxi- 
liary Tables for Solving Problems of Spherical Astronomy," Journal of History 
of Astronomy, 4 (1973), pp. 99-110. 

21. MS Istanbul Hamidiye 1453. 

22. MSS Istanbul Topkapi T 3046 (Ahmad III 3515) and Aya Sotia 2710. 

23. MS Kandilli Observatory 208. The tables, which were identified only du- 
ring the Exhibition of Scientific Manuscripts and Instruments held at Kandilli 
Observatory during this Symposium, are contained on fols. 96r-100v. 

On Taqi 1-Din see, for example, Suter, op. cit. (note 1), no. 471; and A.S. 
Ünver, Istanbul Rasathanesi, Türk Tarih Kurumu Yayınlarından, VII. Seri, Sa- 
y1 54, Ankara, 1969, in which various important papers by S. Tekeli are also listed. 

24. Cf. E.S. Kennedy, "A Survey of Islamic Astronomical Tables," Transac- 
tions of the American Philosophical Society, N.S., 46:2 (1956), p. 161. 

25. For example, MSS Istanbul Asir Ef. 470 and Kandilli Observatory 440. 

26. M. D'Ohsson, Tableau Général de l'Empire Othoman, Paris, 1787, vol. I, 
facing p. 192. 

27. See the references cited in note 2, especially the third article. 

28. No survey has ever been made of the qiblas of the medieval mosques in 
Turkey. Such a survey would be of great interest to the history of Ottoman 
science (let alone to the history of Ottoman architecture!). Some of the mos- 
ques would be found to be oriented in the directions which can be computed 
from the medieval geographical coordinates. Others would be found to be ori- 
ented in directions whose explanation would be much more of a challenge. For 
an introduction to qibla determinations in medieval Islam see the article Kibla 
in the Encyclopaedia of Islam (2nd. edition). 

29. M. Bagvi, Determination of the Direction of Qibla and the Islamic Ti- 
mings, Lahore, 1972, pp. 54-55. 

30. On the zahwe, Arabic dahwa or duha, see my article “A Fourteenth Cen- 
tury Tunisian Sundial for Regulating the Times of Muslim Prayer,” in Y. Mae- 
yama and W.G. Salzer, eds., Prismata: Festschrift für Willi Hartner, Wiesba- 
den: Franz Steiner, 1977, esp. pp. 189, 194, and 196. 

31. MS Istanbul University Library T 1824, 1. 

32. MS Istanbul Kandilli Observatory 196. 

33. I have no biographical information on Salih Efendi save that he was also 
known as Mi?mári, “the architect." His tables are extant in, for example, MSS 
Istanbul Asir Ef. 224 and Kandilli Observatory 219. 

34. These tables are extant in, for example, MSS Istanbul Bağdatlı Vehbi Ef. 
990 and Kandilli Observatory 220. 

35. MS Oxford Bodleian arab. e. 93. 

36. MS Istanbul] Hasan Hüsnü Pasa 1286. These tables were identified only 
during the Exhibition of Astronomical Manuscripts held at the Süleymaniye Lib- 
rary during the Symposium. 


The plates which originally appeared on pp. 256 to 269 have been rearranged in their proper 
order in this reprint. 
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Plate 1: Extract from MS Istanbul Kandilli Observatory 496 of the Ruz- 
"ame of Shaykh Vefa. The extract shows the times of prayer for each day of 
the month of Adhar (March). 
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Plate 2: Extract from MS Istanbul Topkapı 
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Plate 3: Extract from MS Istanbul Topkapi Saray T 3046 (Ahmad III 351 


timekeeping by the stars. The extract shows the time of night for each 
134° to 141°, entered horizontally, for each degree of solar longitude in Aquarius, entered Vertically, 


< 


Extract from MS Istanbul Kandilli Observatory 208 of Taqi l-Din’s-taylasan table for Istanbul. The extract 
shows the hour-angle and time since sunrise for each degree of instantaneous solar altitude, entered vertically, for 


cach degree of solar meridian altitude from 309 to 39?, entered horizontally. 
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Extract from MS Istanbul Kandilli Observatory 440,2 of the Ruz- 


name of Darendeli. The extract shows the prayer-times for each degree of so- 


lar longitude in Taurus. 
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Plate 7: Extract from MS Istanbul Kandilli Observatory 19 
bul. The extract shows the nour-angle for each degree ot solar longitude for solar altitude 11° (right hand page) 


and 129 (left hand page). 
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An extract from MS Princeton Yahuda 353 of Salih Efendi 


Plate 8: 
les for timekeeping. The extract shows the time in various s 


degree of solar altitude 


tion Taurus 14°, 


XII 


* 
M 
D 
3 E 
. 


[uo] 


LI [S q SECRET TT E GET T د ا كك اناه‎ PS MIT 


CR 


e 
04 E 
re Èj 3 
roy 
v 
exe? 


ms 
eu 
Ti 
"m 
M 


dE 
Ez 
En 
iiir 


DICENTUR 


` 
: - 
id 
€ € d 


at aki: da dise 


B 
E 


FEEF SEET? 


E ME Sieg + 


EE EE EE 


an 
"t 
Susa 


)9. 
SITE En 


` FS 


os wy) 


` 


LAE 


Plate 9: An extract from MS Istanbul Kandilli Observatory 440 of Jihan- 
giri’s abridgement of Salih Efendi’s tables. The extract shows the two times of 
day for each degree of solar longitude from 40° to 44°, entered horizontally, 
when the sun has a given altitude, entered vertically. 
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Plate 10: An extract from a Turkish almanac for the year 1910, displaying 
the prayer-times for each day in both ezanî (r.h.s.) and vasati (l.h.s.) systems. 
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AL-KHALILT'S QIBLA TABLE * 


A leaf from a modern Turkish almanac 


prepared at Kandilli Observatory showing the prayer- 


times on 


September 28, 1977, in various cities around 


. 
D 


Ts qibla, or direction of Mecca, defines the direction of prayer in Islam.! The 
determination of the qibla for a given locality is a mathematical problem of some com- 
plexity which was of considerable interest to medieval Muslim scholars. They developed 
numerous alternative exact solutions to the qibla problem, using either spherical trigo- 
nometry or orthogonal projections,? and some also relied on approximate solutions.? It 
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Plate 12 
the world, calculated with an electronic computer. 


* My research in Egypt during the year 1972-73 trigonometry see K. Schoy, “Abhandlung von 
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A leaf from a modern Turkish almanac, showing the prayer-times 


for Istanbul, Ankara, izmir, and Erzurum in both vasati and ezanî systems for 


May 27, 1974. 
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1 See further Encyclopaedia of Islam, lst ed., s.v. 
“Kibla.” 

2 On the analemma construction of Habash (ca. 
A.D. 850) see Y. Id and E. S. Kennedy, “A Letter 
of al-Birūni : Habash al-Hãsib’s Analemma for the 
Qibla,” Historia Mathematica 1 (1974): 3-11 and on the 
method of al-Nayrizi (ca. A.D. 900) involving spherical 
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al-Fadi b. Hátim al-Nayrizi über die Richtung der 
Qibla,” Sitzungsberichte der math.-phys. Klasse der 
Bayerischen Akademie der Wissenschaften zu München, 
1922, pp.55-68. For the procedures described by Ibn 
Yünus (ca. A.D. 1000) involving projection methods 
see K. Schoy, Gnomonik der Araber in Die Geschichte 
der Zeitmessung und der Uhren, ed. E. von Basser- 
mann-Jordan, vol. 1F (Berlin and Leipzig, 1923), pp. 
35-42; D. A. King, “The Astronomical Works of 
Ibn Yünus" (Ph.D. diss., Yale University, 1972), pp. 
256-66, and section 5 below; and on the geometrical 
construction of Ibn al-Haytham (ca. A.D. 1025) see 
K. Schoy, “Abhandlung des al-Hasan ibn al-Hasan 
ibn al-Haitam (Alhazen) über die Bestimmung der 
Richtung des Qibla,’ Zeitschrift der Deutschen 
Morgenlündischen Gesellschaft 75 (1921): 242-53 and 
Appendix A below. For the various procedures of al- 
Birüni (ea. A.D. 1025) see idem, Die trigonometrischen 
Lehren des persischen Astronomen Abu l.Raihdn Muh. 
Ibn Ahmad al-Birüni dargestellt nach al-Qünün al- 
Mas'*üdi (Hannover, 1927), pp. 70-71; J. Ali, The 
Determination of the Coordinates of Cities: al- Birüni's 
Tahdid al-amákin (Beirut, 1966), pp. 241-63; and the 
commentary in E. S. Kennedy, 4 Commentary Upon 
Birüni's Kitab Tahdid al-Amákin (Beirut, 1973). On 
the method of Ulugh Beg (ca. A.D. 1440) see L.-A. 
Sédillot, Prolégomènes des tables astronomiques 
d'Oulog- Beg, 2 vols. (Paris, 1847-53), 2: 120-22, and 
K. Schoy, “Mittagslinie und Qibla,” Zeitschrift der 
Gesellschaft für Erdkunde zu Berlin, 1915 pp. 574-76. 

3 On approximate qibla methods in the treatises of 
al-Battānī (ca. A.D. 900) and al-Jaghmini (ca. A.D. 
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has not been previously noted that certain Muslim scholars compiled tables for finding 
the qibla, and the purpose of this paper is to describe such a table prepared by the four- 
teenth century Syrian astronomer al-Khalili, which is the most sophisticated trigono- 
metric table known to me from the entire medieval period. I also mention some simpler 
qibla tables based on approximate formulae. 

The problem of determining the qibla for a given locality can be understood from 
figure 1, which shows a locality X and Mecca M on the terrestrial surface. The north pole 
P and the equator AB are also shown. The inclination of the great circle arce XM to PXA, 
the meridian at X, defines the direction of Mecca. If the latitude and longitude of X are 
denoted by p and L, and the coordinates of Mecca by oy and Ly, then 


XA = ç; MB = gy; and AB = Ly — L = AL. 


The angle MXA, called in Arabic inAiráf al-qibla, is here denoted by q. The formula 
defining q, expressed in modern notation, is 


sin p cos AL — cos p tan P) (1) 


q = arc cot { SAT 


which follows by an application of the modern cotangent rule* to the spherical triangle 
PXM. The various exact solutions devised by the Muslim scholars are equivalent to this 
formula. The standard medieval approximation is equivalent to 


(2) 
where 
Ag = 9 — Pu- 

In section 1 below, I describe al-Khalili's qibla table and reproduce it in tables 1-8. 
The error in each entry is also indicated. In section 2, I describe a method for determining 
the qibla, known to al-Khalili but originally derived by the thirteenth century Moroccan 
astronomer al-Marrákushi. In section 3, I describe a procedure for computing qibla values 
by means of another set of mathematical tables compiled by al-Khalili and the formulae 
of al-Marrakushi. I have not been able to establish that the entries in al-Khalili's qibla 
table were derived in this way. In section 4, I discuss a particular kind of quadrant 
invented by the Muslim astronomers, with which al-Khalili could find the qibla without 
any computation whatsoever. I have been unable to consult his treatise on the use of this 
instrument, and so in section 6 I describe a procedure for finding the qibla with a quadrant 
attributed to the fifteenth century Egyptian astronomer Sibt al-Máridini. This procedure 
is based on formulae which were originally derived by the tenth century Egyptian 
astronomer Ibn Yünus and which are presented in section 5. In Appendix A, I describe 
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the geometrical construction for the gibla suggested by the Egyptian scholar Ibn al- 
Haytham, a late contemporary of Ibn Yünus. In Appendix B, I present a theoretical 
construction for the qibla using a quadrant and the formulae of al-Marrakushi. Finally, 
in Appendix C, I discuss certain other Islamic qibla tables which are based on approxi- 
mate formulae. 


Fie. 1 


1. al- Khalili's Qibla Table 


Shams al-Din Muhammad ibn Muhammad al-Khalili was a timekeeper (muwagqqit) as- 
sociated with the Umayyad Mosque in Damascus.? He lived about the year a.D. 1365 and 
was a contemporary of the celebrated astronomer Ibn al-Shátir.9 al-Khalili’s major works 
were two sets of mathematical tables, containing a total of about 40,000 entries. Each of 
al-Khalili's tables are outstanding examples of the various categories of tables for astro- 
nomical timekeeping which were compiled by the medieval Muslim astronomers, and 


1325) see C. A. Nallino, al- Battani sive Albatenii Opus 
Astronomicum, 3 pts. (Milan and Rome, 1899-1907) 
1:318-19, 2:xxvii, 3:206-7; and A. Hochheim and 
G. Rudloff, “Die Astronomie des Mahmüd ibn 
Muhammad ibn ‘Omar al.Gagmini," Zeitschrift der 
Deutschen Morgenlündischen Gesellschaft 47 (1893): 
271-72. See also Scho, ‘‘Mittagslinie und Qibla,” pp. 
572-74, and idem, Gnomonik der Araber, pp. 35-36; 
King, “The Astronomical Works of Ibn Yünus," pp. 


265-66; and P. Schmalzl, Zur Geschichte des Quadran- 
ten bei den Arabern (Munich, 1929), p. 99; and 
Appendix C below. 

* On this see, for example, W. M. Smart, Text- Book 
on Spherical Astronomy (Cambridge, 1971), p. 12. The 
formula for q follows immediately from Ibn al- 
Haytham’s geometrical construction described in 
Schoy, “Abhandlung des al-Hasan ibn al-Hasan ibn 
al-Haitam (Alhazen)': see Appendix A below. 


5 On al-Khalili see H. Suter, “Die Mathematiker 
und Astronomen der Araber und ihre Werke," 
Abhandlungen zur Geschichte der mathematischen 
Wissenschaften 10 (1900), no. 418; C. Brockelmann, 
Geschichte der arabischen Litteratur, 2d ed., 2 vols. 
(Leiden, 1943-49), 2:156-57; idem, Geschichte der 
arabischen Literatur, Supplement, 3 vols. (Leiden, 
1937-42), 2:157; G. Sarton, Introduction to the History 
of Science, 3 vols. (Baltimore, 1927-48), 3/2: 1526-27 
(the discussion of al-Khalili's tables is fullof errors); and 


my forthcoming article in the Dictionary of Scientific 
Biography. On his tables see notes 7 and 9 below. 

6 On Ibn al-Shatir see E. Wiedemann, Aufsätze der 
arabischen Wissenschaftsgeschichte, 2 vols. (Hildes- 
heim, 1970), 2:729-38; E. S. Kennedy, “A Survey of 
Islamic Astronomical Tables," Transactions of the 
American Philosophical Society, n.s. 46 (1956), no. 11, 
and idem, "Late Medieval Planetary Theory," Isis 57 
(1966): 365-78. The latter article refers to the 
research of the past twenty years on Ibn al-Shatir. 
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AL-Knuariri's QIBLA TABLE 
which I have recently analyzed in some detail." Some of his tables are computed for the 85 


latitude of Damascus and enable the user to find the time and the direction of the sun 
from the solar altitude and to find the astronomically defined times of Muslim prayer: 
these are similar in conception to the tables for timekeeping attributed to the tenth 
century Egyptian astronomer Ibn Yünus, computed for the latitude of Cairo-Fustat.? 
Of particular scientific interest are al-Khalili's Universal Tables of auxiliary functions, 
which can be used to solve all of the standard problems of spherical astronomy for any 
latitude.? However, his most outstanding achievement in computational mathematics was 
his table displaying the qibla as a function of geographical latitude and longitude. 

Two copies of al-Khalili's qibla table are known to me: MS Paris Bibliothéque Na- 
tionale, ar. 2558, fols. 53v-61r, and MS Berlin Ahlwardt 5754 (Wetzstein 1138), fols. 47 v— 
Bär. 10 Both of these manuscripts contain other tables by al-Khalili for astronomical 
timekeeping, but they are the only known manuscripts of the Damascus corpus of such 
tables which contain the gibla table. The Paris manuscript is a magnificent example of 
Arabic penmanship, copied in A.H. 811 (= A.D. 1408) by Ahmad ibn ‘Ali al-Khabbàz; 
the Berlin manuscript is also copied in an elegant hand but is undated. The tables are 
preceded by a short introduction in both sources. 

The function tabulated by al-Khalili is here denoted by q, although in fact it defines 
the acute angle which the arc XM makes with the arc PA in figure 1. Values of the 
function ¢(p, L) are given to two sexagesimal digits for the domains 

9 = 10°, 11°, ..., 56° and 33; 30? 
and 
AL = 1°, 2°, ..., 60°. 
The 2,880 entries in the table are expressed in standard Arabic sexagesimal notation.!! 
For each value of 9 there is a subtable in which L is entered vertically. The double 
vertical argument runs from 7? to 66° (longitudes west of Mecca, for which the qibla is 


easterly), and from 127? to 68° (longitudes east of Mecca, for which the qibla is westerly). d 
These two sets of longitudes correspond to a change in AL from 60° to 1°, since the M Ge EA ب‎ 
longitude of Mecca is taken as " “rb 


Lu = 67;0°. 


7 1 have prepared two monographs on astronomical 
timekeeping in medieval Islam (‘ilm al-miqat) which 
are currently being submitted for publication. The 
first describes all known medieval tables for regulating 
the times of the five daily prayers of Islam, and the 
second describes a large corpus of medieval tables for 
reckoning time by the sun and stars. In particular, the 
first paper contains an analysis of al-Khalili’s prayer- 
tables for Damascus which were used there until the 
turn of the present century, and the second contains 
an analysis of al-Khalili’s various tables for time- 
keeping. 

8 For a detailed analysis of the tables attributed to 
Ibn Yünus see D. A. King, "Ibn Yünus' Very Useful 
Tables for Reckoning Time by the Sun,” Archive for 
History of Exact Sciences 10 (1973): 342-94. I have 
discussed the problems of their attribution in my 
study of medieval Islamic prayer-tables (see n. 7 
above). 

? An analysis of these tables is contained in D. A. 
King, "Al.Khalil's Auxiliary Tables for Solving 
Problems of Spherical Astronomy," Journal for the 
History of Astronomy 4 (1973): 99-110. Earlier 


examples of such auxiliary tables are discussed in 
R. A. K. Irani, "The Jadwal al-Taqwim of Habash 
al-Hásib' (Master's diss., American University of 
Beirut, 1956), and in C. Jensen, "Abo Nasr's Approach 
to Spherical Trigonometry as Developed in his 
Treatise ‘The Table of Minutes," Centaurus 16 (1971): 
1-19. Several later examples as well as another set 
attributed to al-Khalili are analyzed in my study of 
medieval Islamic tables for timekeeping (see n. 7 
&bove and n. 25 below). 


19 The manuscripts are described in MacG. de Slane, 
Catalogue des manuacrits arabes (Paris, 1883-95), p. 
460, and in W. Ahlwardt, Die Handschriften-Ver- 
zeichnisse der Kóniglichen Bibliothek zu Berlin. Vol. 5. 
Verzeichniss der arabischen Handschriften (Berlin, 
1893), p. 207. (Note added in proof: MS Paris Biblio- 
théque Nationale ar. 2560,11 is probably another 
copy of al-Khalili’s qibla table. It is catalogued as 
“tableaux qui donnent l'argument des latitudes, 
depuis le 109? degré jusqu'au Sos." 

11 On this notation see R. A. K. Irani, “Arabic 
Numeral Forms," Centaurus 4 (1955): 1-12. 
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The underlying latitude of Mecca 12 is 
pu = 21;30*. 


The entries for each latitude are arranged in two columns of thirty entries, and two 
facing pages of both manuscripts serve six consecutive latitudes. F igure 2 shows an 
extract from the Paris manuscript, for latitudes 22°, 23°, 24°, on the right hand page, and 
25°, 26°, 27°, on the left hand page. 

Tables 1-8 show the entries in al-Khalili's table. In his introduction he mentions that 
the qibla is southerly if the entry in the table is in red ink and northerly if it is in black 
ink. In tables 1 and 2 all entries are northerly, and in tables 3, 4, and 5 all entries above 
the broken line are northerly. All other entries are southerly. The critical apparatus on 


page 95 shows the significant variants in the two manuscripts. 


Figures 3 and 4 show the behavior of a function q'(p, AL) defining the inclination of 


the qibla to the south-point, for 


p = 10°, 15°, ..., 55° 


and 


AL = 5°, 10°, 20°, ..., 60°, 


respectively. al-Khalili’s function g is related to this as follows: 


, 


180° — g' 
co 
q 


The curve for the limiting case 


, 


(q’ > 90°) 
(o < 90°). 


9 = Pyu = 21;30? 


is also shown in figure 3, although values for this latitude are not tabulated by al-Khalili. 


For the critical case 


AL = 0° 


1? The values 21;30° and 67;0° for the latitude 
and longitude of Mecca occur in a list of geographical 
coordinates preserved in MS Paris Bibliothéque 
Nationale ar. 2558, fol. 5iv, preceding al-Khalili’s 
qtbla table. The geographical coordinates are attribu- 
ted to al-Mizzi (see n. 34 below) and the qibla values 
which are given for each city are attributed to al. 
Khalili. The qibla values are slightly less accurate 
than those which can be derived from al-Khalili’s 
qtbla table by interpolation, which suggests that they 
were computed before the qtbla table. Further details 
are contained in my study of medieval prayer-tables 
(see n. 7 above). 

al-Khalili’s coordinates for Mecca are attested in 
various later Syrian and Egyptian sources (e.g., MS 
Paris Bibliothéque Nationale ar. 2520, fols. 162v and 
82v, respectively). Most Islamic sources give 21; 0° or 
21;40° for the latitude of Mecca, but Ibn al-Shatir 
used 21; 20° (MS Vatican Borg. ar. 105, fol. 41r). The 
modern value is 21; 26°. 

Several Islamic coordinate lists give the qibla for 
each locality. The list in MS Bodleian Seld. Arch. 


A30, fols. 155r-157v appended to the zij of Ibn al- 
Shatir (which may not be attributable to him) con- 
tains qibla values for about 175 localities. The list of 
about 100 qibla values published in Schoy, “Abhand- 
lung von al-Fadl b. Hatim al-Nayrizi," pp. 67-68 is 
taken from MS Gotha Forschungsbibliothek A1403, 
where it is attributed to the Damascus astronomer Ibn 
Zurayq, a successor of Ibn al-Shatir and al-Khalili 
(see Suter, "Die Mathematiker und Astronomen der 
Araber,” no. 426). 

The geographical coordinates given in numerous 
Islamic astronomical handbooks have been data 
processed and subjected to a preliminary analysis: 
see F. I. Haddad and E. S. Kennedy, “Geographical 
Tables of Medieval Islam," to appear in al.Abháth 
for further details. On medieval measurements of 
geographical coordinates see K. Schou, ‘‘Lingen- 
bestimmung und Zentralmeridian bei den ülteren 
Völkern,” Mitteilungen der kaiserserlich-kóniglichen 
geographischen Gesellschaft 12 (1915): 27-62, and Ali, 
The Determination of the Coordinates of Cities. 
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11 123 36:51 36: i : : 82:47 

12 122 : | 
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TABLE 8 CRITICAL APPARATUS 
AL-KHRALILI'S QIBLA TABLE 


The notation (p, L) a;b c;d used below means that the Paris manuscript has the entry 
a;b for ole, L) and the Berlin manuscript has the entry c;d. A dash indicates that there is no 
entry in the manuscript, and a question mark indicates that the entry is illegible. All of the 
second digits in the entries for p = 12°, 18°, 24°, 30°, 35°, 41°, 47°, and 53° and L = 37°, 
38°, ..., 66° in the microfilm of the Berlin manuscript which I have used are illegible. Also, 
the entries in the Berlin manuscript are less liberally provided with diacritical points than the 
corresponding entries in the Paris manuscript. I note below all of the entries which are clearly 
miscopied in either one or the other source. 


(13,63) 23;37 23;27 (14,35) 71;3? 71;34 (14,49) 63;48 64;43 
(14,63) 26;58 26;18 (15,26) 74;18 74;13 (16,36) 74;34 74;39 
(16,40) 73;28 73;38 (16,60) 59;15 49;15 (19,39) 79;45 79;42 
(19,40) 79:44 79;— (20,23) 79;42 79;52 (20,65) 50;35 50;55 
(21,12) 78;45 78;48 (21,33) 82;19 82;49 (21,35) 83;10 — 

(21,36) 83;20 — (21,39) 83;46 83;47 (21,54) 81;15 81;14 
23,10) 79;52 79;32 (24,23) 84;23 84;28 (25,20) 84;38 84;33 


) ( 
80;44 80;54 (31,51) 60;55 60;15 (31,56) 58;42 48;42 
) ( 


( ) 
(27,64) 27; 2 25; 2 (27,65) 18;17 18;17 28,57) 56;27 56;37 
( ) 

) 76; 6 77; 6 34,37) 72;25 72;22 


58;17 48;17 (34,32 
(35,40) 66;26 ? (36,66) 3;40 3;45 
(37,43) 59;56 59; 6 (37,49) 50;12 50; 2 
(38,45) 45;12 55;12 (39,37) 64;28 64;23 39,50) 44;52 44;42 
(39,60) 20;18 20;18 (41,23) 75;54 75;55 41,43) 58;24 53;?? 


(37,17) 84;37 84;34 
( 
( 
( 
(41,66) 2;59 2;4? (43,55) 28:57 7 (44,39) 54;?? 54,54 
( 
( 
( 
( 


37,53) 41;46 41;56 


(46,25) 68;43 68;13 (48,49) 34:44 34; 54 49,36) 2;57 52;57 
(49,40) 47:40 7 (50,62) 9;48 838 50,65) 3;42 3;5? 
(50,66) 1;55 1;— (51,26) 62;35 62;41 51,27) 61;29 61;35 
(51,28) 60;— 60;29 (51,44) 39;53 39;43 51,58) 16;46 16;47 
(52,50) 29;56 29;46 (52,65) 4;40 0 (53,14) 73:20 73; 3 


(53,58) 15:32 — (54,35) 59:20 0 (54,48) 31:25 5 
(54,55) 20:23 — (56,29) 54;54 | — (56,30) 53;44 — 
(56,57) 16;15 16;?5 (56,58) 4;39 — (56,59) 13; 3 — 
(56,60) 11;26 — (56,61) 9;59 9 


we have 


q = 0? and q' -{ 0 
0 p > Pm- 


The entire table was recomputed in a few seconds at the Yale Computer Center. Tables 
of the function Ate, L), the altitude of the zenith of Mecca above the local horizon, 
and the auxiliary function zie, L) (see section 2) were also computed, to facilitate hand 
computations of q using al-Khalili's auxiliary tables (see section 3). al-Khalili's qibla 
values are remarkably accurate: the errors in extensive sections of the table are less than 
+ 0;2°, although larger errors occur in certain other sections. The errors in the second 
digit of al-Khalili’s values are shown after each entry, computed according to the 
convention 


error — text — recomputation. 
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It is reasonable to assume that al-Khalili would have computed independently a 
matrix of values for, say, each degree of o and each 5° of AL, and that he would then 
have used an interpolation scheme to compute intermediate values. The error patterns 
in the table confirm this, and the interpolation scheme used, which was more sophisticated 
than a second order scheme,!? generally works rather well. Note, however, the relatively 
large errors in the table for small values of AL and values of p close to gu: for these 
arguments q is very sensitive to small changes in AL. Note also the following minor 
point: the entries for values of y from 21? through 17? are identical to those for values of 
9 from 22? through 26? for 


AL = 1° (L = 66°, 68°) 


and the gibla differs only in direction for these values close to py. It is clear from the 
errors that the entries for p from 21° through 17° were copied from those for values of © 
from 22° through 26°, which were computed. 

It is of interest that al-Khalili has tabulated oe, L) for the latitude of Damascus, 
33; 30°. The latitude of Baghdad is also close to this, but the only reason for computing 
such a table would appear to be that al-Khalili had already computed his auxiliary 
functions for this latitude and that he used his auxiliary tables to compile his qtbla table. 
On the other hand, he also tabulated q(o, L) for latitude 56°, and as far as we know, he 
computed the auxiliary functions only up to latitude 55°. See further section 3. 

To illustrate how the arguments are to be entered in the table, al-Khalili considers 
the case 


p = 35° and L = 25°. 


The value given in the table is, as he says, 81;12° east of south. This value is, in fact, 
accurate. He also mentions that he used a special kind of quadrant (rub mujayyab) to 
perform this calculation, and found the values 


A=5;0 and gq - 10 


Actually, this value of A is in error by only +0;3° and the value of q by only —0;2°. 
al-Khalili does not describe the procedure which he used to arrive at these values, or the 
size of the instrument which he used. The determination of the qibla with such a quadrant 
is discussed in sections 4-6. The procedure described in Appendix B is my own, and 
should be compared with that of Sibt al-Maridini, described in section 6. 

al-Khalili states next that when he used the well-known method of approximation 
involving the latitude and longitude differences, he found the “terribly inaccurate” value 
68; 50°. However, my own calculation with the standard approximation, formula (2), 
yields 70;46°. [Note added in proof: It is now clear that al-Khalili was referring to one of 
the other approximate qibla formulae which underlie the tables mentioned in Appendix 
C.] 
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al-Khalili does not describe the method by which he computed his table. However, in 
his introduction he remarks that he knows of no better method for finding the qibla than 
the one presented in chapter 67 of the astronomical treatise of Abt ‘Ali a]l-Marrákushi. 
To this we now turn. 


2. al-Marrükushi's Method for Determining the Qibla 


Abū ‘Ali al-Marrákushi, in some sources called Abu 1-Hasan, is an individual of great 
importance for the history of Islamic astronomy .i* Virtually nothing is known about his 
life, save that his family was associated with Marrakesh, and that he traveled widely 
and spent some time in Egypt. His major work, an extensive treatise on spherical 
astronomy and instruments, was compiled about the year a.D. 1280, probably in Cairo, 
and was published in French translation by J.-J. Sédillot in 1834-35.15 al-Marrakushi 
quotes various of his predecessors from the Muslim West, and his work became widely 
known in the Muslim East and influenced such scholars as al-Khalili and Ibn al-Shátir.!$ 
His treatise has generally been neglected by historians of science, although A. von 
Braunmühl and K. Schoy have discussed the sections on trigonometry and sundials, and 
C. A. Nallino referred to al-Marràkushi's spherical astronomy in his analysis of the 
astronomical work of al-Battàni.!" 

al-Marrakushi’s solution to the qibla problem is analogous to one of the several 
Islamic methods for calculating the solar altitude from the hour-angle, a problem which 
is mathematically equivalent to the determination of the altitude of the zenith of Mecca 
above the local horizon. This method al-Marrákushi claims as his own discovery. Before 
presenting his method, we consider the qibla problem transferred to the celestial sphere. 

Figure 5 represents the celestial sphere about the observer at O. The local horizon is 
shown as NES, the celestial equator as EQ, the celestial pole as P, the local zenith as Z, 
and the local meridian as NPZQS. The point Zu represents the zenith of Mecca, and the 
azimuth of Zm, measured by the arc SK, defines the direction of Mecca. The declination 
circle or day-circle through Zy, namely AB, is also shown, and PZ, is produced to meet 
the celestial equator at T. Thus 


20 —9; ZyT=gy; and QT = AL. 


13 On non-linear interpolation schemes in the 
Islamic sources, see, for example, Schoy, Die trigono- 
metrischen Lehren des persischen Astronomen Abu 
l- Rathdn Muh. Ibn Ahmad ot Birüni, pp. 40-42; E. S. 
Kennedy, ‘‘A Medieval Interpolation Scheme Using 
Second Order Differences," 4 Locust's Leg: Studies 
in Honour of S. H. Taqizadeh (London, 1962), pp. 


117-20, and idem, “The Chinese-Uighur Calendar as 
Described in the Islamic Sources," Isis 55 (1964): 
435-43; J. Hamadanizadeh, “A Medieval Inter- 
polation Scheme for Oblique Ascensions,’’ Centaurus 
9 (1963): 257-65; and King, "Ibn Yünus' Very Useful 
Tables," pp. 354-56. 


1* On al-Marrakushi see Suter, “Die Mathematiker 
und Astronomen der Araber,” no. 363 and p. 219, n. 
14, as well as Brockelmann, Geschichte der arabischen 
Litteratur, 1:625 and ibid. Supp. 1:866. Suter is 
correct in suspecting that Sédillot misdated al- 
Marrákushi to ca. A.D. 1230: his solar longitude tables 
and star catalogue are compiled for A.D. 1275/76 and 
1282, respectively. However, it has not been pre- 
viously stressed that al-Marrükushi's treatise was 
compiled for Cairo. 

15 J.-J. Sédillot, Traité des instruments astrono- 
maques des arabes, 2 vols. (Paris, 1834-35). In the 
sequel I have translated from the French, rather than 
from the original Arahic text which is extant in 
several manuscripts. The title of the work is Jami‘ 
al-mabád?? wa-l-ghdyat, (Compendium of Principles and 
Results] al-Khalili refers to it as Risdlat al-Jayb. 
[Treatise on the Sine (Quadrant)]. On this instrument 
see section 4 below. 


16 For example, both Ibn al-Shatir and al-Khalili 
present lists of standard formulae of spherical 
astronomy in the same fashion as al-Marrákushi. The 
formulae are each represented by the four terms of 
an appropriate proportion: the terms are expressed 
verbally in the highly technical vocabulary of late 
Islamic astronomy, but without recourse to symbols. 
See J.-J. Sédillot, Traité des instruments astronomiques, 
1:352-59 for al-Marráükushi's list of 62 proportions; 
MS Bodleian Seld. Arch. A30, fols. 77r-82v for Ibn 
al-Shátir's list of 184; and MS Chester Beatty 4091, 
fol. 174v for al-Khalili's list of 24. 

17 See A. von Braunmühl, Vorlesungen ` über. 
Geschichte der Trigonometrie, 2 vols. (Leipzig, 1900— 
3), 1:83-86; Schoy, Gnomonik der Araber; and 
Nallino, al-Battani, 2: index, s.v. Aboul Hhassan. I 
have included an analysis of the spherical astronomi- 
cal tables of al-Marrákushi in my study of medieval 
Islamic prayer-tables (see n. 7 above.). 
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Several Islamic methods, including al-Marràkushi's, involve first finding the altitude of 
Zm 


and then finding 


Note that if Zx represents an instantaneous solar position with altitude A, declination ô, 
azimuth a, and hour-angle f, then we have 


t = AL; 5 = Ppi and a = q. 


In chapter 67 of his treatise, al-Marrákushi prescribes the following method for the 
general problem of the determination of the direction of any locality from a given 
locality, which may be compared with the methods of Ibn Yünus, discussed in section 5, 
and of Ibn al-Haytham, discussed in Appendix A. I use the standard capital notation 
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To find the azimuth of any locality, multiply the Cosine of the latitude of the locality whose 
azimuth is required by the Cosine of the local latitude [and divide by the square of 60]: the 
result will be the “base” (asl). Take the Versed Sine of the longitude difference between the 
two localities and multiply it by the "base" Next subtract the product from the Sine of 
the meridian altitude of the small-circle through the zenith of the other locality and parallel to 
the celestial equator. The remainder vill be the Sine of the altitude of the zenith of the other 
locality above the local horizon. Finally, find the azimuth corresponding to this altitude by 
one of the methods explained previously. 


al-Marrákushi's method may be rendered in mathematical notation as follows. Firstly, 
note that the meridian altitude of the declination circle through Zy, measured by the 
are SB in figure 5 is 
P + Pm 
(where ë = 90° — 9). 
Secondly, the determination of time from solar altitude involves a division by the 
quantity 


Cos à Cos .م‎ 
R 


This auxiliary function was generally known in Islamic astronomy as the “absolute base" 
(al-asl al-mutlaq), and tables of it with solar longitude as argument are common in 
Islamic astronomical handbooks.!? al-Marrakushi prescribes forming the “base” 
Cos gy, Cos © 
Ro 
Thus, his method may be represented by the formula 


Cos Cos 
E, d 8) 


The corresponding formula for the solar altitude, known to Islamic astronomers originally 
from Indian sources, is ?? 


Sin À = Sin (8 + ey) — Vers AL 


Sin A = Sin (ë + 8) — Verst ee (4) 


Formula (4) is easily derived from figure 6, which shows an analemma construction 21 


19 Several such tables are listed in my study of used in most of these sources is equal to the “absolute 
medieval tables for timekeeping (see n. 7). base.” On this, see further King, "The Astronomical 
20 See, for example, von Braunmühl, Vorlesungen Works of Ibn Yünus," pp. 132-33. 
über Geschichte der Trigonometrie, 1:41 on the pro- — , On the analemma, see, for example, P. Luckey, 
cedure of the Süryasiddhánta, and Nallino, al-Battani, Das Analemma von Ptolemäus,” Astronomische 


for medieval trigonometric functions to base R (= 60).18 


18 Thus, 
Sin 9 = Rsin 8, Cos 9 = R coa 9, 
Tan ó = Rtan Š 


Vers 9 = R — Cos 9. 
See further, Wiedemann, Aufsátze der arabischen 
Wissenschaftsgeschichte, 1:564-77; Kennedy, “A 
Survey of Islamic Astronomical Tables," pp. 139—40; 
and King, “The Astronomical Works of Ibn Yünus," 
pp. 60-65. 


and 


&l-Marrákushi is a little careless in occasionally 
neglecting to state "multiply by 60” or "divide by 60” 
in hia trigonometric operations. Further east, astrono- 
mers such as Abu !-Wafa’ (ca. A.D. 975), Abu Nasr (ca. 
A.D. 1000), and al-Birüni (ca. A.D. 1025) had long since 
recognized that the use of R = 1 would simplify their 
trigonometric procedures. See, for example, K. Schoy, 
“Beiträge zur arabischen Trigonometrie,” Isis 5 
(1923): 393 and 396, and Jensen, "Abu Nasr’s 
Approach to Spherical Trigonometry.” 


1:192 (Habash and al-Battani); King, “The Astro- 
nomical Works of Ibn Yünus," p. 153 (Ibn Yünus); 
N. Nadir, *Abü al-Wafa’ on the Solar Altitude," The 
Mathematics Teacher 53 (1960): 460-63 (Abu I-Wafá); 
M.-L. Davidian, '*Al-Birüni on the Time of Day from 
Shadow Lengths,’ Journal of the American Oriental 
Society 80 (1960): 330-35 (al-Birtini); and L.-A. 
Sédillot, Prolégomènes des tables astronomiques, 
2:125-26 (Ulugh Beg). Note that the expression 


R Sin (meridian altitude) 
Vers (semi-diurnal arc) 


Nachrichten 230 (1927): 18-46 and O. Neugebauer, 
The Exact Sciences in Antiquity, 2d ed. (New York, 
1969), pp. 214-18 and 226. On its use in Islamic 
mathematics, see K. Schoy, "Abhandlung über die 
Ziehung der Mittagslinie, dem Buch über das 
Analemma entnommen, samt dem Beweis dazu von 
Abū Sa‘id ad-Darir," Annalen der Hydrographie und 
maritimen Meteorologie 50 (1922): 265-71; Y. Id, 
"An Analemma Construction for Right and Oblique 
Ascensions," The Mathematics Teacher 62 (1969): 
669-72; E. S. Kennedy, “'Birünis Graphical 
Determination of the Local Meridian," Scripta 
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derived from figure 5. Firstly we project the celestial sphere orthogonally in the plane of 
the meridian. Primes are used in figure 6 to denote the projections of corresponding 
points in figure 5. The declination circle of يرث‎ is then rotated through 90° about its 
diameter BC into the meridian plane to form the semicircle BMC, where the are MB 
measures AL. Thus M represents the position of Z,, on the declination circle with respect 
to the local meridian BC. The radius of this semicircle, whose center is the point G, is 
Cos py, since the arc QB measures gy. Thus we have 


Vers AL 


BZy = Cos py R 


Mathematica 24 (1959): 251-55; idem, "al-Birüni on 17 (1948): 498; King, “The Astronomical Works 
Determining the Meridian," The Mathematics Teacher of Ibn Yünus," pp. 26-27; and Id and Kennedy, “A 
56 (1963): 635-37; P. Luckey, ''Beitráge zur Erfor- ^ Letter of al-Birüni," (see n. 2 above). 

schung der islamischen Mathematik," Orientalia, n.s. 
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and hence 
BDS Von A; COS pu Cop. (5) 


R? 


Furthermore, the perpendiculars BF and Z&Y' onto the horizon measure Sin (9 + pm) 
and Sin À respectively, so that 


BD = BF — Z4Y' = Sin ( + pu) — Sin ^. (6) 


Formula (3) follows from (5) and (6). 

al-Marrakushi’s method for finding the solar azimuth from the solar altitude is the 
standard Islamic method, which had been known for several centuries.?? It is contained 
in chapter 62 of his treatise: 


To determine the solar azimuth, multiply the Sine of the altitude by the Sine of the local 
latitude and divide the product by the Cosine of the local latitude: the quotient will be the 
“equation of the azimuth”’ (ta‘dil al-samt) if the sun has no declination, otherwise it will be 
the “horizontal variation” (hissat al-samt). If the declination of the sun and the local latitude 
are in different directions, add the Sine of the rising amplitude (sa‘at al-mashriq) to the 
horizontal variation, and if the declination and the latitude are in the same direction, take 
their difference. The result in both cases will be the equation of the azimuth. Finally divide 
(the product of] the equation of the azimuth [and 60] by the Cosine of the altitude, and the 
quotient will be the Sine of the azimuth. 


Finally, his method for determining the solar rising or ortive amplitude is outlined in 
chapter 58 of the treatise: 


Multiply the Sine of the declination by 60, and divide the product by the Cosine of the 
latitude: the quotient will be the Sine of the rising amplitude. 


In this method certain standard Islamic auxiliary functions are used to facilitate the 
computation. Firstly, the “horizontal variation," also called ikAtilaf al-ufq in the Arabic 
sources,?? and here denoted by k, is defined by 


Sin Sin 9 


ag (7) 


k(h, p) = 


22 On Islamic azimuth calculations see also Luckey, ebenen Sonnenuhren," Quellen und Studien zur 


“Beiträge zur Erforschung," p. 502 (al-Mahani, ca. 
A.D. 860); Nallino, al- Battani, 1:183-84 (Habash and 
al-Battani); King, “The Astronomical Works of Ibn 
Yünus," pp. 186-87 (Ibn Yünus) L..A. Sédillot, 
Prolégoménes des tables astronomiques, 2:106-7 
(Ulugh Beg). Several Islamic tables of solar azimuth 
as a function of solar altitude and solar longitude, with 
entries for each degree of both arguments, are dis- 
cussed in my paper on Islamic tables for time- 
keeping (see n. 7), and in King, "Ibn Yünus' Very 
Useful Tables,” pp. 362-64. 

23 See P. Luckey, "Tabb Qurra's Buch über die 


Geschichte der Mathematik, Astronomie, und Physik, 4 
(1937-38): 141-42, on the terminology, and Kennedy 
**al-Birüni on Determining the Meridian,” p. 636, for 
the usage of al-Birüni, and King, “The Astronomical 
Works of Ibn Yünus,'' pp. 176-80 for the usage of Ibn‘ 
Yünus. Ibn Yûnus tabulates k(A) for the latitudes of 
Cairo and Baghdad for each degree of h: cf. King, 

“The Astronomical Works of Ibn Yūnus,” pp. 170-71, 

173, 179-80, and Scho, Gnomonik der Araber, p. 81. 

al-Khalili's table of g, (cf. section 3) defines k(h, p) for 

each degree of both arguments. 
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Secondly, the rising amplitude, here denoted by d, is defined by means of the standard 
formula 24 


i R Sin 8 
Sin 4(8, g) = Cae (8) 
With these we then form the “equation of the azimuth,” here denoted by e, and defined 
by 
e(h, 8, p) = k(h, p) — Sin (5, p), (9) 


and finally the azimuth, a, measured from the meridian (al-Marrakushi measures it from 
the east-west line), is given by 


_ R e(h, 8, p) 
a(h, 8, p) = arc Cos m (10) 
which may also be written 
E h Tang _ RSin$ 
a(h, 8, p) = arc Cos R Cos o (11) 
Cos A 
Finally, since 
q(o, L) = a(h, ô, p) 
for 
h = bie, L) and Š = Pys 
we have 
E hlp, L) Tan © _& Sin zl 
glo, L) = arc Cos R Cos © (12) 


Cos Ate, L) 


Formula (12) can be explained with reference to figure 6. We rotate the celestial sphere 
90? about the diameter NS so that the projection of Z4, moves from Zi, to Y. Note that 
both angles PON and A'Z4Y' measure o The functions used by al-Marrákushi are 
respectively 


Sin A Tan © 


k = A'Y' = 2 (13) 
: _ arm _ E Sin ox 
SE (14) 
and 
e = OY’ = k — Sing. | (15) 
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But Y is the projection of Z, in the horizon plane, so that OY measures Cos À and the 
arc KS measures q. Thus we have 


_ Cos à Cos g: 


OY 5 


(16) 


Formula (12) follows from (15) and (16). 


3. On the Use of al-Khalili’s Auxiliary Tables for Computing the Qibla 


It is clear from formula (3) that for given e, the function A(p, L) is defined by the 
simple relation 


Sin À = c, + c, Cos AL, (17) 


where c, and c, are constants. Given bie, L), it remains to find the corresponding 
azimuth q(o, L). 

Now al-Khalili's auxiliary tables can be used to find a(h, 8, p) for one degree intervals 
of each argument, with no more calculation than an addition or a subtraction. The 
functions tabulated by al-Khalili are the following:?* 


R Sin 2 
fo(#) = Congr 


Sin 2 Tan ç 
(9) = =T 
Jol?) R (18) 


and 


Rr 
G(z, y) = arc Cos { Cos 2 


computed to two sexagesimal digits for the domains 
8 = 1°, 2°, ..., 90° 


ane SC Ee‏ ا هك 
z = 1,2, ..., 9‏ 

and 
y = 0°,1°, ...,n(z), 

where n(z) is the largest integer such that 


R zx < Cos n(z). 


24 Cf. the similar treatment by Habash, al-Battani, 
and Ibn Yünus, described in Nallino, al- Battani, 
1:178 and King. “The Astronomical Works of Ibn 
Y ünus," p. 167. Ibn Yûnus tabulates both i) and Sin d 
as functions o( solar longitude for the latitude of 
Cairo, Cf. King, “The Astronomical Works of Ibn 
Yünus," pp. 169-70 and Schoy, Gnomonik der Araber, 


p. 81. al-Khalili's table of f, (cf. section 3) defines 
Sin d (Š, p) for each degree of both arguments. On the 
rising amplitude, see also E. S. Kennedy and H. 
Sharkas, “Two Medieval Methods for Determining 
the Obliquity of the Ecliptie," The Mathematics 
Teacher 55 (1962): 286-90. 


25 See King, 'al-Khalili's Auxiliary Tables for 
Solving Problems of Spherical Astronomy” for further 
details and my paper on medieval prayer-tables 
(see n. 7) for additional manuscript sources. In 
MS Escorial ar. 931 the tables of f, and g, are given 
only for latitudes 1? through 50°. In all other known 


sources values are given for latitudes up to 55°, 
although MS Berlin 5755 (Wetzstein 1138) fol. 35r 
contains an additional page ruled and titled for 
latitude 56° but there are no entries. The values 
extracted from the auxiliary tables in this section are 
taken from MS Paris Bibliothéque Nationale ar. 2558. 
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Thus the tables contain nearly 13,500 entries. The solar azimuth for any altitude, 
declination, and terrestrial latitude is found by the simple procedure 


a(h, 8, g) = G([g (h) — f.(Š)], A}, (19) 
which is clearly equivalent to formula (10) above. Thus the gibla is defined by 
gie, L) = ,مانت‎ L), ^j (20) 
where 
ap, L) = go(h) — folpm) (21) 


and bie, L) has been previously determined using (17) or an equivalent formula. Note 
that ç is northerly or southerly according as x 5 0. It is the absolute value of z which is 
entered in the auxiliary tables. 

The main problem encountered in using the auxiliary tables for qibla determinations 
results from the fact that the quantities 


Pm» hlp, L), and ,ب(‎ L) 


are generally non-integral, and one must perform several interpolations to obtain the 
value of q. Also the function G(x, y) is very sensitive to small changes in x for certain 
arguments, and an error of, say, 0:1 introduced in calculating the argument x(q, L) 
might influence the final value of q considerably. Purthermore, the auxiliary tables 
themselves contain occasional small errors, and a combination of these in each of the 
three sets of tables might introduce a relatively large error in the final value of q. 

The following examples show how al-Khalili's auxiliary tables can be used to compute 
qibla values. In computing the values of his functions, linear interpolation is considerably 
facilitated by having at hand a sexagesimal multiplication table, such as would probably 
have been available to al-Khalili.?9 I use the rounding procedure 27 


2 (q < 29) 


p^ pl (q 2 30) 


and indicate the errors in the second digit of each number in square brackets. Note that 
we have no way of ascertaining the values of h(p, L) and rte, L) which might have been 
computed by al-Khalili, if indeed he used this method at all. There is also the possibility 
that he had at his disposal a set of auxiliary tables giving entries to three sexagesimal 
digits, and that he might have performed all his calculations with three digit numbers 
before rounding. Thus, it is hardly surprising that computation with al-Khalili's auxiliary 
tables does not generally yield his gibla values precisely. 
Firstly, consider the entry for arguments 


p=28° and AL = 10° (L = 57°,177°). 
al-Khalili has the rather inaccurate value 
q = 56;27° S [ —8]. 
26 On such tables in the Islamic sources see D. A. 27 This is the procedure of Ibn Yünus: see King, 


King, "On Medieval Islamic Multiplication Tables," “The Astronomical Works of Ibn Yünus," p. 59. 
Historia Mathematica 1 (1974): 317-23. 
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Now the accurate value of À for these arguments is 78;50°, and so 
q = G([g24(18;50) — f. (21; 30)], 78; 50}. 
To compute this we use the following entries in the three auxiliary tables: 
21 | 24;22 [+1] 78 | 31;10 ]-2[ 
fos —— RE 028 mg mmm 
22 | 25,28 [+1] 79 |31;17 [—2] 
6 7 


G 78| 61;13 [—2] | 55:50 [—2] 
79 | 58;24 [0] | 52:19 [+1] 
and obtain by linear interpolation 
fog(21; 30) = 24,55 [4-1] and ` 955(78;50) = 31; 16 ]-2[ 
so that 
z= +6;21 [ —3]. 

However, 

G(6;21, 78;50) = 56;47* S[ 4-12]. 


Thus, in this case, al-Khalili’s value, which is in error by —0;8°, is more accurate than 
the value which I derive directly from his auxiliary tables using linear interpolation. 
However, if x had been more carefully computed to 6;23, the value for q given by the 
auxiliary tables is the accurate value 56;35?. The yet more precise argument 6;24 yields 
56;29? for q, which is close to al-Khalili's value. 

Secondly, consider the entry for arguments 


p = 35° and AL = 15° (L = 52°, 82°). 

al-Khalili has the value 
q = 48;15°S [+3] 
and the accurate value of A is 71;9°. Thus 
q = G((gss(71;9) — fos(21; 30)], 71; 9}. 
Now using the following entries in al-Khalili’s tables 
21 | 26:15 [9] 71 | 39344 [+1] 
°> 27;25 [-1] 72 39;58 [+U 
12 13 


G 71 | 52; 6 [0] | 48:16 [—1] 


72 | 49;39 [—1] | 45:28 [—1] 


I obtain 
fss(21;30) = 26;50 [—1] and 935(71;9) = 39:46 [0] 
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so that 
z = 412;56 [+1] 
and 
q = G(12;56, 71;9) = 48;6° S [ — 6]. 


Using the more accurate arguments 12;55 and 12;54 for z in the table of G, I obtain 
respectively 


q = 48;10° S[—2] and q = 48;14°S [ +2]. 


Finally, note that it is occasionally possible to reproduce al-Khalili's actual qibla 
values. Consider, for example, the entry for arguments 


o2=12° and AL=18 (L = 49°, 85°). 


al-Khalili has 58;39° for q, whereas the accurately computed value is 58;45°. For these 
arguments the value of À is 70;21?. Thus, 


g = G([g12(70;21) — f,,(21;30)], 70; 21}, 
and the relevant entries in the auxiliary tables are 


21 | 21;59 [0] 70 


fiz A Ee J12 E E E 
22 | 22:58 [—1] 71 |12; 3 [—1] 


10 11 


11;59  (0] 


© 70 | 60;49 [—1]| 57;35 [0] 


— | 


71 | 59;12 [0] | 55:49 [—2] 


Using linear interpolation we have 


f.a(21;30) = 22;29[0] and g,2(70;21) = 12;0 [—1] 


and hence 
z= —10;29[—1] 
so that 
q = G(—10;29, 70;21) = 58;39° N [ — 6], 


which is precisely al-Khalili's value. 

al-Khalili's qibla values are generally more accurate than those which can be derived 
from his auxiliary tables in this way. Thus the possibility that he computed his qibla 
values independently of the auxiliary tables cannot be ruled out. Perhaps he computed 
certain basic values using the analogue computer known as the Sine quadrant, although 
the one qibla value which he says that he computed with a quadrant is less accurate than 
the corresponding entry in his gibla table. In the following three sections I discuss a 
method for using the Sine quadrant to determine the qibla. A treatise on the Sine 
quadrant by al-Khalili survives in the Egyptian National Library in Cairo,?9? but at the 
time this paper was in preparation the manuscript was inaccessible to me. 
individual named Moshe Galliano ben Yehuda: see M. 
Steinschneider, Die hebraeischen Übersetzungen des 


Mittelalters und die Juden als Dolmetscher (1893; 
reprint ed., Graz, 1956), pp. 575-77. 


28 See Suter, “Die Mathematiker und Astronomen 
der Araber," no. 418. A treatise on the (Sine?) 
quadrant by one Muhammad ibn Muhammad, per- 
haps al-Khalili, was translated into Hebrew by an 
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4. On the Solution of the Qibla Problem using a Sine Quadrant 


The distinctive feature of the instrument called in Arabic al-rub* al-mujayyab, and 
here referred to as Sine quadrant, is a grid which can be used as an analogue computer 
to solve problems of trigonometry without any computation. This instrument has been 
discussed in some detail by P. Schmalzl (1929) in his valuable study on the development 
of different types of quadrant in the Islamic world,?? and the related Arabic technical 
terminology has been investigated by E. Wiedemann (1909).°° In passing, we may note 
that similar instruments, known by the Latin name sexagenarium, were also used in late 
medieval Europe, though to a far lesser extent than the Sine quadrant was used in the 
Islamic world.3! The reader is referred to the works of W. Morley (1860), B. Dorn (1865), 
P. Schmalzl, or L. A. Mayer (1956) for illustrations of the Sine quadrant,?? and to an 
article by E. Poulle (1966) for an illustration of a similar European instrument. 

In the introduction to the qibla table, al-Khalili does not describe the Sine quadrant 
which he used to compute a particular qibla value (see section 1). However, the grid on 
a quadrant made by Muhammad ibn Ahmad al-Mizzi;?* another colleague of Ibn al- 
Shàtir, which is illustrated by Dorn and Schmalzl, consists of two sets of equally spaced 
lines drawn parallel to the axes of the grid. These lines divide each axis into 60 equal 
parts, and the cireumference of the quadrant is divided into 90 equal degree intervals. 
This particular quadrant has a radius of 71 inches and the grid a radius of 6 inches. It 
would have originally been fitted with a thread (khayt) passing through the hole at the 
center of the grid, and bearing a movable marker (muri or mirî). Some Islamic Sine 
quadrants have a pair of semicircles drawn with the axes of the grid as diameter: these 
are particularly useful for determining the Sine and Cosine of a given arc. In figure 7, if 
the arc AC measures 3, then the marker can be moved to D to measure Cos 2 and to E to 
measure Sin 2. If there are no such semicircles drawn on the grid, Cos 2 is measured on 
the horizontal axis by OC' and Sin 2 on the vertical axis by OC". I use this prime and 
double prime notation in the sequel to denote projections on the horizontal and vertical 
axes of points on the altitude scale, that is, on the quadrant AB. 

In Appendix B I describe a theoretical procedure for determining the qibla using a 
Sine quadrant and the formulae of al-Marrakushi. This procedure is not convenient for 
certain values of p and AL since it involves operations with quantities whose absolute 
value may be greater than 60. The method of the fifteenth century astronomer Sibt 
al-Maridini for finding the qibla by means of a Sine quadrant is mathematically accurate, 
and will serve to illustrate the facility with which a fairly complicated trigonometric calcu- 


29 See Schmalzl, Zur Geschichte des Quadranten, 
especially pp. 83-99. See also J. Würschmidt, “Die 
Schriften Gedosis über die Hóhenparallelen und über 
die Sinustafel," Sitzungsberichte der physikalisch- 
medizinischen Sozietüt zu Erlangen 60 (1928): 127-54, 
for a translation and analysis of a late Ottoman 
treatise on the use of the Sine quadrant. 

30 Wiedemann, Aufsätze der arabischen Wissen- 
schaftsgeschichte, 1:560—64. 

31 See L. Thorndike, ''Sexagenarium," Isis 42 
(1951): 130-33, and E. Poulle, “Théorie des planètes 
et trigonometrie au N V° siécle, d'aprés un equatoire 
inédit, le Sexagenarium,”’ Journal des Savants, juillet. 
septembre 1966, pp. 129-61. 

?2 W. H. Morley, "Description of an Arabic Quad- 
rant," Journal of the Royal Asiatic Society 17 (1860), 


fig. 2 following p. 330; B. Dorn, “Drei in der kaiser- 
lichen óffentlichen Bibliothek befindliche astrono- 
mische Instrumente mit arabischen Inschriften," 
Mémoires de D Académie Impériale des Sciences de St. 
Petersbourg 9 (1865), pls. 1 and 2 following p. 150; 
Schmaizl, Zur Geschichte des Quadranten, pp. 86-87; 
and L. A. Mayer, Islamic Astrolabists and their Works 
(Geneva, 1956), pl. 26. Islamic astrolabes often display 
trigonometric grids on the verso: see ibid., pls. 23 and 
24. 

33 Poulie, “Théorie des planètes,” p. 135, fig. 2. 

34 On al-Mizzi see Suter, “Die Mathematiker und 
Astronomen der Araber," no. 406; Brockelmann, 
Geschichte der arabischen Litteratur, 1:155-56 and 
ibid., Supp. 2:156; and Mayer, Islamic Astrolabists, 
pp. 61-62. 
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lation can be performed with such an instrument. His method is also not convenient for 
certain values of p and AL. Indeed, for a small section of the domain for which al-Khalili 
tabulates q(p, L), both procedures involve the construction of points outside the quad- 
rant. Sibt al-Maridini’s procedure is described in section 6. It is based on formulae 
originally proposed by his predecessor Ibn Yünus, and these we consider first. 


B 


Fie. 7 


5. On the Method of Ibn Yunus for Determining the Qibla 


Ibn Yiinus worked in Cairo-Fustat at the end of the tenth century. His major work, 
an astronomical handbook with tables (zij), was called the Hakim: Zij because it was 
dedicated to the Fatimid Caliph al-Hakim. This work is one of the finest examples of 
some one hundred and fifty zijes which are now known to have been compiled by the 
astronomers of medieval Islam.’ Among his other compilations are extensive trigono- 
metric tables with values for each minute of arc and part of the corpus of tables for 
astronomical timekeeping which was used in medieval Cairo.?9 Another extensive table 
attributed to Ibn Yunus displays the lunar equation as a function of two arguments 
which can be taken directly from the lunar mean motion tables, thus solving a computa- 
tional problem which occupied later Muslim and European astronomers for several 
centuries.?7 
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The major part of the extant chapters of Hakimi Zij is concerned with trigonometry 
and spherical astronomy. In chapter 28 Tbn Yünus describes in words, and without 
justification, the following formulae for finding the qibla.?9 Firstly, 


Cos p Cos AL : : 
h = arc Sin R Cos pu + Sin pu Bin p ; (22) 
R 
and then 
5 . [Sin AL Cos py 
q = arc Sin RAUM 7 \. (23) 


These formulae can be explained with reference to figure 6, in which GH YJ is a rectangle. 
Since 


' ¢ = Cos AL Cos oy, 

M = R 2 
we have 

'H Cos AL Cos pu Cos ب‎ 

ge 
Also 

_ Sin gy Sin © 

GJ = NEE ee 

But 


ui = Sink = ZyXH + GJ, 
whence formula (22), which is mathematically equivalent to formula (3). Furthermore, 


T Sin AL Cos gy 
MUT R 
and 


. Cos h Sin q 


YY > 


But both MZ, and YY’ measure the distance from Zym to the meridian, and are thus 
equal. Formula (23) follows immediately. 


6. Sibt al-Maridini’s Method for Finding the Qibla by Means of a Sine Quadrant 


Sibt al-Maridini was the leading Egyptian astronomer of the late fifteenth century. 
He was an extremely prolific writer, and his works reflect his competence if lack of 
originality.?? We are concerned here with his treatise on the Sine quadrant, which was 
the most popular treatise of its kind during the next four centuries, that is, throughout f 


35 On Islamic zijes see Kennedy, "A Survey of 
Islamic Astronomical Tables,” and on the Hákimi Zij 
see King, “The Astronomical Works of Ibn Yünus," 
currently being submitted for publication. 

?$ On the trigonometric tables see King, “The 
Astronomical Works of Ibn Yünus," pp. 85-89 and 
109, and on the tables for timekeeping see n. 8 above. 


37 An analysis of this table, which contains over 
34,000 entries, is presented in D. A. King, “A Double- 
Argument Table for the Lunar Equation Attributed 
to Ibn Yünus,"' Centaurus 18 (1974): 129-46. The table 
appears to have been derived from a rather simple 
auxiliary table containing over 10,000 entries. 


38 See Schoy, Gnomontk der Araber, pp. 36—41 and 
King, “The Astronomical Works of Ibn Yünus,'" pp. 
256—88 for further details. Ibn Yünus also tabulated 
the solar altitude in the azimuth of the qibla: see 
Schoy, Gnomonik der Araber, no. 42; King, "The 
Astronomical Works of Ibn Yünus," pp. 266-68, and 


idem, “Ibn Yünus' Very Useful Tables," pp. 368-69. 

39 On Sibt al-Maridini see Suter, “Die Mathematiker 
und Astronomen der Araber,” no. 445 where twenty- 
five of his works are listed, and Brockelmann, 
Geschichte der arabischen Litteratur, 2:468, and ibid., 
Supp., 2:484. 
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the period of decline of traditional Islamic astronomy. Literally hundreds of manuscripts 
of this treatise survive: I have used MS Princeton Yahuda 861.*° Sibt al-Máridini's qibla 
method is based on the formulae of Ibn Yünus described in section 5. His teacher, Ibn 
al-Majdi, used precisely the same formulae as Ibn Yünus.*! 

In order to understand Sibt al-Máridini's instructions we must first note that he uses 
two auxiliary quantities which he calls al-asl al-mutlaq and bu‘d al-qutr. Y denote these by 
“absolute base" and "'center-altitude' respectively. The first quantity is simply 
Cos pu Cos © 

R 
and, but for a factor of R, is identical with the "base" used by al-Marrākushi (see 
section 2). The second quantity is 


B = 


Sin يرب‎ Sin © 

R 
and measures the altitude of the center of the day-circle of the zenith of Mecca above the 
local horizon, that is, GJ in figure 6 or KJ in figure 11. The expression bu‘d al-qutr 
literally means “distance of the diameter." Tables of both 


Cos 8(A) Cos o Sin ó(À) Sin p 
R R 


C= 


B(A) = and C(A) = 
computed for specific latitudes are attested in the Islamic sources, the first function 
being more commonly tabulated than the second. Sibt al-Maridini’s contemporary, the 
Egyptian astronomer Ibn Abi ]-Fath al-Süfi,*? actually tabulated the functions 


B(6, p) = e and C(8, 9) = Sin - 9 


for each degree of both arguments. It is not difficult to show that the hour-angle ¢ is 
defined in terms of these auxiliary functions by 


Cos? Sink — C 


R B 


With B and C tabulated, the calculation of time from solar or stellar altitude is reduced 
to very simple procedures, whether one is calculating by hand or using a Sine quadrant. 

In chapters 4 and 5 of his treatise Sibt al-Maridini describes the following straight- 
forward procedures for finding these auxiliary quantities: 


To find the center-altitude, place the thread on the vertical scale and put the marker on the 
Sine of the latitude. Then move the thread to the declination measured upwards on the 
altitude scale. The marker will indicate the center-altitude on the vertical scale. 


40 A Xerox copy of this manuscript was kindly 
provided by the Director of the Special Collections 
Library, Princeton University. 

41 On Ibn al-Majdi, see Suter, "Die Mathematiker 
und Astronomon der Araber,” no. 432, and Brockel- 
mann, Geschichte der arabischen Litteratur, 2: 158-59, 
and ibid., Supp., 2:158-59. The treatise on the qibla is 
entitled Tuhfat al-ahbáb fi nasb al-bddahanj wa-l- 
mihrdb. On this work see Wiedemann, Aufsätze der 
arabischen Wissenschaftsgeschichte, 1: 546-47 and 589, 
and King, “The Astronomical Works of Ibn Yunus,” 


pp. 262-63, and idem, "Ibn Yünus' Very Useful 
Tables," p. 373. 

42 On Ibn Abi I-Fath see Suter, "Die Mathematiker 
und Ástronomen der Araber," no. 447, and Brockel- 
mann, Geschichte der arabischen Litteratur, Supp., 
2:159. His auxiliary tables and all other known 
auxiliary tables of B and C and related functions 
specifically intended for facilitating the computations 
of astronomical timekeeping are discussed in my 
paper on Islamic tables for timekeeping (see n. 7). 
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To find the absolute base, place the thread on the vertical scale and put the marker on the 
Cosine of the latitude. Then move the thread to the declination measured downwards on the 
altitude scale. The marker will indicate the absolute base on the vertical scale. 


In figure 8, mark OC equal to Sin .و‎ With this radius draw the are CD, where D is on 
OE and the are AE measures à. Draw the horizontal DF. Clearly OF measures the 
center-altitude. Similarly, in figure 9 mark OG equal to Cos .ب‎ With this radius draw the 
arc GH, where H is on OI and the arc BI measures 8. Draw the horizontal HJ. Clearly 
OJ measures the base. 


B B 


O A O A 


Fic. 8 Fie. 9 


We are now in a position to consider Sibt al-Maridini’s method for finding the qibla, 
outlined in chapter 17 of his treatise. The instructions are terse and the terminology 
rather technical. I therefore present both the Arabic text and a free translation. 


فى معرفة استخراج سمت القبلة استخرج الاصل وبعد ad!‏ بلميل soll‏ لعرض S‏ وهو كا 
درجة er‏ على dey Gel‏ على الاصل Jal)‏ اليط لفضل الطولين من معكوس افوس وهو فى 
> يب (RP‏ زد على ما حازه المرى من الجيوب ab gall‏ بعد ااقطر Jes‏ ارتفاع سمت 
de &‏ على جيب فضل الطولين من الجيوب المبسوطة da! e‏ الميط الى عرض dX, X.‏ من 
elt D eh‏ وة cll di‏ عد ee ée dal conc‏ وهو Ge‏ كانت So‏ 
اعرض من Ah‏ و d ky‏ وإن كانت اقل Le‏ من 3b‏ فاستخرج الارتفاع ah‏ لا 
سمت له بالميل المساوى لعرض L‏ فإت كان اقل هن ارتفاع سمت < — Lily oyp‏ كان 
pc‏ من ارتفاء Jee‏ فهو Ji‏ وات del‏ . 

Translation 


On determining the azimuth of the gibla. First find the base and the center-altitude 
corresponding to a declination equal to the latitude of Mecca, which is 21?. Place the 
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thread on the vertical axis and put the marker at the point corresponding to the magni- 
tude of the base. Move the thread by the amount of the longitude difference, measured 
downwards on the altitude scale. This difference is 12° for Cairo. Next add the center- 
altitude to the reading on the vertical axis corresponding to the position of the marker. 
This will give you the altitude of the zenith of Mecca on the altitude scale. Now place 
the thread on the complement of this altitude and put the marker at a point on the thread 
corresponding to the Sine of the longitude difference on the vertical axis. Next move 
the thread to the value of the latitude of Mecca on the altitude scale. Read off the arc 
corresponding to the point on the horizontal axis directly below the marker. It will mea- 
sure the azimuth of Mecca with respect to the east- or west-points. The azimuth will be 
eastern if Mecca has a greater longitude than your locality, otherwise it will be western. 
It will be northern if Mecca has a greater latitude than your locality or if Mecca has the 
same latitude. If Mecca is south of your locality, find the altitude in the prime vertical 
corresponding to a declination equal to the latitude of Mecca. If this altitude is less than 
the altitude of the zenith of Mecca, the azimuth will be southern. Otherwise it will be 
northern. But God knows better. 


This construction is shown in figure 10 and may be justified as follows. Firstly, we 
mark 


_ Cos px Cos © 
= R , 


draw arc CD equal to AL, and draw the horizontal DE. Then 


Cos AL Cos py Cos © 
—. 


OC 


OE = 


Now construct F” on EB such that 


, _ Sin يرب‎ Sin o 
VE ces, 
Then 

OF" = OE + EF” = Sink 


by virtue of formula (22), so that arc FA measures À. 
Now draw the arc AG equal to h, and the arc AH equal to AL. The point I is the 
intersection of OG and HH”, and IJ is drawn perpendicular to OA. Then 


| OG.IJ RSin AL 
GG Cosh 
Note that if h is less than AL the point I ¿s outside the quadrant AB. Now rotate OI to OK, 


where K lies on OL and arc AL measures pu. Draw QQ’ through K, perpendicular to OA. 
Then 


OI 


, Sin AL Cos py 
CLER. TE 
and AQ measures the azimuth of the qibla, measured from the east- or west-points, by 
virtue of formula (23). 

Sibt al-Maridini notes the conditions on A which determine whether the azimuth of 
the qibla is north or south when the locality has latitude .يرب‎ These are expressed in 


XM 
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0 den G A 


terms of the altitude in the prime vertical of Zm, here denoted by A. This is the altitude 
of the intersection of AB and ZE in figure 3, which is given by 


. Sin Pu 
h, = are Sin { sine I (24) 
Sibt al-Maridini correctly states that 
northerly | 
i h < hf = gu. 
ae eee ae 


Ibn Yunus had incorrectly stated that the qibla is easterly or westerly for localities with 
the same latitude as Mecca. 


APPENDIX A 
On the Qibla Construction of Ibn al-Haytham 
Although Ibn al-Haytham’s construction has already been discussed in detail by 
K. Schoy,** I include it here because it is the simplest possible geometrical method for 


article in Encyclopaedia of Islam, lst ed., s.v. 
“Kibla.” 


43 See Schoy, "Abhandlung des al-Hasan ibn al- 
Hasan ibn al-Haitam (Alhazen)," summarized in his 
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finding the gibla. There is no need to find the auxiliary quantity À. Ibn al-Haytham does 
not derive any trigonometric formula for q from the construction, but the modern formula 
follows from it immediately. Figure 11 is a slightly simplified version of the construction 
shown in the manuscript, and the broken lines are my own additions. The construction is 
described below only in outline, and the reader is referred to Schoy's translation of Ibn 
al-Haytham’s entire treatise for the details. 


The circle ABGD with center H is described on a horizontal plane, and AG and BD 


ALLL 
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AH, and with center H and radius HT describe an are TE to cut HN in E. Draw EF 
perpendicular to AH. Mark a point K on the radius HR such that HK equals CT. Then 
draw KM perpendicular to HR and such that KM equals FH. From M drop the perpen- 
dicular MQ onto HB, and construct a point S on FH such that FS equals MQ. Draw ES. 
Then the angle ESF measures the azimuth of the qibla, measured from the meridian. 

Ibn al-Haytham’s construction can be justified as follows. Consider ABGD as 
representing the plane of the celestial equator, so that AHG is in the meridian plane. 
Since arc AC measures gy, we have 


EH = TH = Cos py- 


Note that the arc TE represents part of the projection of the day-circle through Zm onto 
the equatorial plane, and since the arc TE measures AL, the point E represents the 
projection of يرت‎ onto that plane. Further, the distance from the projection of Zx on the 
meridian plane to the center of the day-circle of Zy is 


EH Cos AL _ Cos py Cos AL. 


FH = R R 


Now consider figure 11 as the projection of the celestial sphere in the meridian plane. 
MK is a segment of the projection of the day-circle of Zy in that plane, since by the 
construction HR represents the celestial axis, inclined at an angle 9 to the horizon, and 
also K is such that 


HK = CT = Sin gy, 
and MK is perpendicular to HR. Further, since 
MK - FH 


it follows that M is the projection of Z, in the meridian plane. Thus MQ measures the 
distance from M and also from Zx to the plane of the prime vertical. But EF measures 
the distance from Zy to the meridian plane. Therefore angle ESF as constructed by Ibn 
al-Haytham defines the azimuth of Mecca. 

Formula (1) can easily be derived from this construction. First draw the rectangle 
MLJI. Then 


FS = MQ = MI — QI 


are perpendicular diameters. Mark an arc AC equal to the latitude of Mecca (oy) on the 
circumference of the circle, which represents the horizon of the locality for which the 
qibla is required. Similarly the arc GR is drawn equal to the local latitude (o). Finally, 
the arc AN measures the longitude difference (AL). Now construct CT perpendicular to 


= MI — HJ. 
Also 
Cos يرب‎ Cos AL _. 
yı _ MKSing ^^ RE M. 
SR R 7 R 
HJ = ES AE 
and 
EF = Cos يرب‎ Sin AL 


R 
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Thus 
Cotq | FS _ Cos AL Sin o — Cos e Tan py 


R EF R Sin AL 


which is equivalent to formula (1). 


[Note added in proof: MS Istanbul Fatih 3439/12 (fols. 155r-157v) contains another 
treatise by Ibn al-Haytham which describes a quite different method for determining 
the qibla.] 


B 
1 


J J 


O H F CA 


Fro 12 


APPENDIX Ë 


A Theoretical Method for Determining the Qibla Using a Sine Quadrant 
and the Formulae of al- Marrükushi 


Figure 12 shows a construction for determining A(p, L). On arc AB mark 


AC = oy and AD = ç. 


ALL 
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Then draw the vertical CC’, and the arc C'E to meet OD in E. Draw the vertical EF and 


the arc FG such that 
FG - AL. 


Draw the vertical GH. Then we have 


OC’ = Cos Pm OF = ao 


B Q 


Fic. 13 


and 


FH = Vers AL Cos py, Cos p. 
* mi ^ 77 
Next mark the point I on arc AB such that 


AI = $ + هرب‎ 
and draw the horizontal II". Then 


OI” = Sin (ë + py). 
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On OI" mark J” such that I"J" equals FH and draw the horizontal J"J to meet AB in J. 


Then, since 


Vers AL Cos gy, Cos و‎ 


OJ” = Sin ( + ey) — T8 


the are ÀJ measures Ate, L) by virtue of formula (3). 
Figure 13 shows a construction for determining q(g, L) given bie, L). Points O, A, B, 
C, D, and J are as in figure 9. Firstly, draw the quadrant J^K and the vertical KL to cut 


OD in L. Note that L may be outside the quadrant OAB. Draw the horizontal LM. Then 
we have 


Sin À Tan ç 


OM = KL = P 


Note that for large values of o, M may be on OB produced. Now draw the horizontal CC”, 
the quadrant CN, and the vertical NP to cut OD in P. Draw the arc PR. Then, since 
ON = OC” = Sin gy, 

we have 


OR = OP = Qm 


so that 


DIVA np EOE 


MESS R Cos © 


Now mark S on OA such that OS equals MR. Then draw the vertical JJ’ and the quadrant 
JT. Draw SU vertically to cut the arc J'T in U. Produce OU to cut are AB in Q. Then, 
since 


OU = OJ’ = Cos ^, 
arc AQ measures q(g, L), by virtue of formula (12). 


APPENDIX C 
Medieval Qibla Tables Based on Approximate Formulae 


Since completing the analysis of al-Khalili's table I have come across four other qibla 
tables in the manuscript sources.** Each of the tables is based on an approximate 
formula, but only the fourth table listed below is based on the approximation (2) noted 
above. The function tabulated in all of the tables is g(Ap, AZ) rather than q(o, L) as in 
al-Khalili's table, and entries are given to two sexagesimal digits for various domains. 
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The first qibla table can be attributed to an Abbasid source, as yet unidentified. Five 
copies of this table have come to light, namely: 


Al: MS Istanbul Aya Sofia 4830, fols. 187r-188r 

A2: MS Istanbul Hamidiye 1453, fols. 233-234 

A3: MS Istanbul Esat Efendi 3769, fol. 62r 

A4: MS Alexandria Municipal Library hisab 5577C 

A5: MS in the private collection of Sayyid Ahmad ‘Abd al-Qàdir al-Ahdal, Zabid, 
Yemen 


Values of g(Ag, AL) are given for each degree of both arguments from 1? to 20°. In none 
of the five sources is the compiler of the table mentioned. However, in MS Al, which 
was copied in Damascus in 4.H. 626-27 (A.p. 1228-30), the table is accompanied by a 
treatise on the determination of the qibla which occurs amidst a number of minortreatises 
by the celebrated Muhammad ibn Misa al-Khwarizmi (fl. Baghdad, ca. Ap. 825).*5 
In MS A2 the qibla table is to be found between a set of instructions for al-Khalili's 
auxiliary tables and the tables themselves; this manuscript was copied in Edirne in 
A.H. 869 (A.D. 1464-65). In MS A3 the qibla table occurs in a collection of various Turkish 
treatises on astronomy. In both Ottoman manuscripts the last column of entries is 
garbled. MSS A4 and A5 are two medieval Yemeni sources: the first is an apparently 
unique copy of the zij for Taiz entitled Taysir al-matálib by the mid-thirteenth century 
Yemeni astronomer Muhammad ibn Abi Bakr al-Kawàshi al-Farisi, and the second is 
likewise a unique copy of an anonymous sixteenth century zij for Sanaa entitled Zad 
al-musüfir.*8 In MS A5 it is stated that the qibla table is taken from the Taysir, and this 
work in turn is based on an as yet unidentified Iraqi zij and on a zt) by Ibn Yünus. Since 
MS Al was copied in Damascus over a century before al-Khalili’s time, it seems reasonable 
to suppose that he would have been aware of the existence of this Abbasid qibla table. 
A second qibla table is contained in 


B1: MS Paris Bibliothèque Nationale supp. pers. 1488, fols. 130v-121r 


of the Persian Ashrafi Zij, compiled in Shiraz in the early fourteenth century by 
Muhammad ibn Abi ‘Abd Allah Sanjar al-Kamali, known as Sayf-e-Munajjim.*? Values 
of q(Ag, AL) are given for each degree of both arguments from 1° to 30°, and in the text 
of the Zij (fols. 104r-104v) the table is referred to as jadvali-ye-morabba‘-e-lam-dar-lam, 
"the square 30 x 30 table." This table may not be original to the Ashrafi Zt). 

A third gibla table is to be found in the early fourteenth century Zij of the Persian 
astronomer Shams al-Munajjim al-Wabiknawi.*® I have examined 


C1: MS Istanbul Aya Sofya 2694, fols. 165r-166v 


A detailed investigation of these gibla tables would be worthwhile. 


44I am greatly indebted to the Directors of the 
Municipal Library in Alexandria, the Egyptian Na- 
tional Library in Cairo, the Záhiriya Library in 
Damascus, the Forschungsbibliothek in Gotha, the 
Süleymaniye Library in Istanbul, and the Biblio- 


théque Nationale in Paris, for the generous facilities 
afforded me in each of these libraries. I um also 
grateful to Sayyid Ahmad al-Ahdalof Zabid, Yemen 
Arab Republic, for allowing me to photograph a 
manuscript in his private collection. 


45 On al-Khwarizmi see G. Toomer's article in 
the Dictionary of Scientific Biography, s.v. 

18 On al.Fürisi see Brockelmann, Geschichte der 
arabischen Litteratur, 1: 625, and ibid., Supp., 1: 
866-67, and Kennedy, “A Survey of Islamic Astro- 
nomical 'l'ables," no. 54. The Taysir al-matálib is listed 
only by Brockelmann. Further information on this 
work, the anonymous Sanaa Zij, and over a dozen 
other zijes compiled in medieval Yemen, is contained 


in @ paper on mathematical astronomy in the Yemen 
currently in preparation. 

47 On this work see Kennedy, “A Survey of Islamic 
Astronomical Tables.” no. 4, and C. A. Storey, 
Persian Literature: A Bio-Bibliographical Survey, 
vol. 2/1 (London, 1958), pp. 64-65. 

48 On this work see Kennedy, ‘A Survey of Islamic 
Astronomical Tables," no. 35, and Storey, Persian 
Literature, p. 65. 
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of the table; other copies of this Zij exist in Tehran and Bombay. The values of g(Ag, AL) 
are given for each degree of Ae from 1? to 30? and each degree of AL from 1? to 60°. 
A fourth qibla table is located in at least five manuscripts: 


D1: MS Cairo Dàr al-Kutub miqat 167M, fols. 205v-206r 
D2: MS Cairo Dar al-Kutub miqat 204M, fols. 83v-84r 
D3: MS Damascus Zàhiriya 4804, fols. 30r-3lr 

D4: MS Damascus Zàáhiriya 7564, fol. lv 

D5: MS Gotha Forschungsbibliothek A1411, fols. 7v-8r 


The argument domains are 
Ap = 11°, 12°,..., 40? and AZ = 1°, 2°,..., 40° (MS D3) 
and 
Ap = 1°, 2°,..., 20° and AL = 1°, 2°,..., 20° (MSS DI, D2, D4, D5) 


I 
A characteristic of this fourth table is that the entries for Ap = AL are 45;0°, and this 


suggests that the underlying formula is the standard approximation (2), a hypothesis 
borne out by inspection of the other entries. The table is referred to in MSS A2 and A5 
as al-jadwal al-‘ishrini, "the 20 x 20 table," and in MS A5 it is attributed to Yüsuf 
ibn al-Damiri, an individual unknown in the modern literature. 
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ON MEDIEVAL ISLAMIC 
MULTIPLICATION TABLES 


SUMMARIES 


Multiplication tables for sexagesimal numbers were 
used by the astronomers of the Islamic Middle Ages in 
their arithmetical calculations and in the preparation 
of more sophisticated tables for finding planetary 
positions and for reckoning time by the sun and stars. 
Most known examples of Islamic multiplication tables 
contain about 3,600 entries, although one has been found 
containing 216,000 entries. 


ملخص: AE‏ هذ | البحث هو وصف عد د من الجد اول للضرب التسى 
استخد مها الفلكيون المسلمون فى العصور الوسطى تسهيلا لاعمال 
الحساب الستینی كما استعملوها فى تحضير جد اول اخرى لتحد يد 
اماكن الكواكب ولحل مسائل علم الميقات وغيرها من مسائل علم الفلك 


Las tablas de multiplicación en el sistema 
sexagesimal fueron empleadas por los astrónomos de la 
Edad Media Islámica en sus cálculos aritméticos y en la 
preparación de tablas más sofisticadas para determinar 
las posiciones de los planetas y calcular la hora del 
dia o de la noche. En general esas tablas de multipli- 
cación contienen unas 3600 valores; no obstante, un 
ejemplo de las mismas contiene un total de 216000 
valores. 
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Extract from the multiplication table in MS Paris Bibliothëque Nationale, ar. 2531 


Plate I: 
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One of the major concerns of the astronomers of medieval 
Islam was the compilation of tables for planetary and spherical 
astronomy, [1] In virtually all of these the entries are 
expressed sexagesimally, that is, to base 60, using the standard 
Arabic alphabetical (abjad) notation. [2] In the modern nota- 
tion used to represent sexagesimals, a number written 2,25;30,17 
means 2 x 60 + 25 + 30/60 + 17/3600. As in decimal arithmetic, 
computation in the sexagesimal system is facilitated by having 
multiplication tables at hand, from which one can read, for 
example, the product 27 x 51 = 22,57 (=1377). Sexagesimal 
multiplication tables of a special kind are attested already in 
Babylonian sources [Neugebauer 1969, 18-29; Neugebauer-Sachs 
1945, 19-33]. 

Most Islamic sexagesimal multiplication tables display 
products mxn to two sexagesimal digits for the domains 
m, n = 1, 2 ..., 59 or 60. These tables thus have about 3600 
entries. Numerous examples of such tables are now known to 
exist in the vast manuscript sources available for the study of 
Islamic astronomy, and they are referred to in Arabic as al- 
jadwal al-sittini or jadwal al-nisba al-sittiniya, [3] The 
earliest known mention of a table of this kind in an Islamic 
treatise is by Küshyar ibn Labban, writing about the year 1000 
[Levey-Petruck 1965, 98; Luckey 1953, 169-170]. 

Plate I shows an extract from a multiplication table in MS 
Paris Bibliothèque Nationale ar. 2531, fols. 115v-127r, which 
may have been that used by the fifteenth-century Egyptian 
astronomer Ibn al-Majdi [de Slane 1883-1895, 542; King 1974, 
Sec. 7]. The argument m, in this case 41, 42 ..., 50, is read 
from right to left across the top of the page, and the argument 
n is read downwards, from 1 to 30 on the right hand page and 
from 31 to 60 on the left hand page. In this table the argument 
m actually runs to 120 (= 2,0). 

In a rectangular table of products m x n the entries for 
m # n are duplicated because of the commutativity of multipli- 
cation. Thus a triangular table giving products for m< n 
will suffice. Only one such table is known to me in the Islamic 
sources [4], but doubtless this form was also commonly used. 
One small Islamic table giving products for the domains m, n 
= 1, 2 ..., 10, 20 ..., 50 has already been described in the 
literature, [5] 

A rather unusual table is contained in MS Paris Bibliothéque 
Nationale ar. 2552. Miscataloged as a table for timekeeping 
[6], it is in fact a sexagesimal multiplication table displaying 
products m x n to three sexagesimal digits for the domains 
m = 0;1, 0;2 ..., 59:59, 60;0 and n = 1, 2 ..., 60. One can 
thus read directly from the table products of the form 
4:27 x 37 = 24,56;39. 
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Plate II: Extract from the multiplication table in MS Paris 
Bibliothéque Nationale, ar. 2552 


E 


4 DN کرت‎ LE Un es Ak Jy bx 


AVN 


Medieval Islamic Multiplication Tables 321 


Plate II shows one pair of facing pages of the manuscript. 
The argument m, in this case 14;21, 14;22 ..., 14;40, is read 
from right to left at the head of each column, and the argument 
n is read downwards. There are 180 such pairs of facing pages 
in the entire set, and the entries number a grand total of 
216,000. The manuscript is undated, and the flysheets have been 
defaced with some notes on timekeeping written in Turkish. I 
think that the table, which is one of the largest known tables 
from the medieval Islamic period [7], was probably compiled by 
an Ottoman astronomer about the year 1600. 


NOTES 


My research in Egypt during 1972-73 was sponsored by the 
Smithsonian Institution and the National Science Foundation, 
Washington, D.C., and outside Egypt was financed by a grant from 
the Penrose Fund of the American Philosophical Society. This 
support is gratefully acknowledged. The two photographs are 
published with kind permission of the Bibliothëque Nationale, 
Paris. I am also indebted to the Directors of the Libraries 
mentioned in notes 3 and 7 for permission to inspect the manu- 
scripts in their collections. 


1. See, for example [Kennedy 1956] for a survey of over 100 
Islamic zijes or astronomical handbooks with planetary 
tables, and [King 1973a, 1973b, 1974] on extensive Islamic 
tables for planetary equations, timekeeping, and solving 
problems of spherical astronomy. I have prepared a survey 
and analysis of all known medieval Islamic tables for 
reckoning time by the sun and stars and regulating the 
astronomically defined times of prayer. Such tables repre- 
sent a particularly Islamic contribution to the development 
of astronomy. 

2. On the notation see [Irani 1955]. The most reliable modern 
works on Islamic sexagesimal arithmetic are [Luckey 1948; 
1951; 19535] 

3. Sources containing multiplication tables which have come to 
my attention are: 

MS Aleppo Ahmadiya 1310 

MS Berlin Ahlwardt 5695, 3, fols. lv-6r 
MS Berlin Ahlwardt 5721, fols. 5-35 

MS Berlin Ahlwardt 5722, fols. 31-38 

MS Berlin Ahlwardt 5757, fols. 136-137 

MS Berlin Ahlwardt 5758, fols. 59v-7lr 

MS Cairo Azhar falak 4386, fols. 465-467 
MS Cairo Dàr al-Kutub miqàt 45 

MS Cairo Dar al-Kutub miqàt 64, fols. 79v-94r 
MS Damascus Záhiriya 3099, fols. 190v-192r 
MS Damascus Zahirfya 5623, fols. lv-7r 
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MS Damascus Zahiriya 7388, fols. 18r-24r 

MS Gotha Forschungsbibliothek A1381, fols. 12-1517 

MS Munich 865 (313) and 866 (318) 

MS Oxford Bodleian Marsh 75 (Uri 1035), fols. 3v-37r 

MS Paris Bibliothèque Nationale ar. 2520, fols. 167v-173r 

MS Paris Bibliothèque Nationale ar. 2531, fols. ll5v-127r 

MS Princeton Yahuda 4072, fols. 23r-29r 
P Luckey (1951,68] has drawn attention to a table of the 
same kind in a manuscript which in 1939 was in the Institut 
für Geschichte der Medizin und der Naturwissenschaften, 
Berlin (see further Hartner and Ruska [1939, 54/208]). Also, 
O. Neugebauer [1960, 36b] has noted a sexagesimal multipli- 
cation table in a medieval Byzantine astronomical manuscript 
based mainly on Islamic sources. For examples of sexagesimal 
multiplication tables in medieval Hebrew astronomical sources 
see MS Paris Bibliothèque Nationale heb. 1042, fols. 97r- 
102v and 105r-108v. 
This table is contained in a compendium of medieval scienti- 
fic works entitled Jami‘ i Bahadur-Khani (P. 286 of the 
edition published in Mandi, India, in 1834), to which I was 
referred by Prof. E.S. Kennedy. On this work see [Storey 
1958, 20]. 
This table, contained in MS Princeton Yahuda 373, is dis- 
cussed in [Irani 1952]. 
See [de Slane 1883-1895, 459]. The manuscript measures 
28.5 x 10.5 cms., and de Slane states that is dates from the 
seventeenth century. The handwriting is similar to that in 
MS Princeton Yahuda 373 (see footnote 5), which is dated 
1650. 
I use the term medieval here since various branches of 
traditional Islamic astronomy were practised in the Near 
East until the turn of the present century. Two other very 
large Islamic astronomical tables are the following: 
(a) The table of Najm al-Din al-Misri (fl. ca. 1250?, Cairo) 
giving the time since rising of the sun or stars as a func- 
tion of their altitude for any latitude, which contains 
over a quarter of a million entries. This is preserved in 
MSS Cairo Dar al-Kutub miqat 132M and Oxford Bodleian Marsh 
672, which are two halves of a unique manuscript. (b) The 
double-argument planetary equation tables of ‘Abd al-Rahman 
21-5111 (fl. ca. 1500, Damascus), which contain over 
170,000 entries. These tables display the lunar and plane- 
tary equations as functions of arguments which can be taken 
directly from the mean motion tables, and they are extant 
in numerous sources, including, for example, MSS Princeton 
Yahuda 4402 and Cairo Azhar falak 4386. 
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SUPPLEMENTARY NOTES 
ON MEDIEVAL ISLAMIC MULTIPLICATION TABLES 


SUMMARIES 


The astronomical tables compiled by Muslim astrono- 
mers in the medieval period are based on the sexagesimal 
system, and to facilitate their computations these as- 
tronomers used multiplication tables displaying products 
expressed sexagesimally. In a recent publication these 
tables were described for the first time. The present 
paper points to the existence of more of these tables, 
as well as to tables displaying sexagesimal quotients 
and others for facilitating linear interpolation. 


ملخص: فى عام غ137 نشر المؤٌ لف بحثا فى هذه المجلة — hI ad‏ 


مر يقن اليد اول EE Sle Tea‏ ال ا و يتشد يبا انلك رن 
المسلمون فى العصور المسطى ٠‏ وها هنا ذ يل لذ لك البحث» يحتوى على وصف 
لبعص الجد اول الاخرى للضرب الستينى وايصا للقسمة وللتعد يل بين السطرين ` 
وتم العثور على هذ ه الجداول فى عدة مكتبات وهى تحتوى على ماد ة علمية يرجح 
عبد ها الى العصور الا سلامية الوسطى ٠‏ 


The following notes are intended to supplement an earlier 
paper [King 1974] describing the multiplication tables in the 
sexagesimal system used by the astronomers and mathematicians 
of medieval Islam. In my first paper I drew attention to various 
medieval Arabic manuscripts, preserved mainly in libraries in 
Europe, which contain tables displaying sexagesimal products 


e... 60. 


These tables, called in Arabic al-jadwal al-sittini or jadwal 
al-nisba al-sittiniya, contain 3600 entries. I also pointed 
to the existence of a more extensive Arabic sexagesimal multi- 
plication table preserved in MS Paris Bibliothéque Nationale 
ar. 2552. This table displays products 


m xn for m, n^ 1, 2, 


m xn for m = 0;1, O;2, ..., 59;59, 1;0,0 
and n = 1l, 2, ., 60, 


AN 


406 


and hence contains 216,000 entries. The compilation of such 
an enormous table is as simple as it is tedious, and most medieval 
Muslim astronomers were content to use the smaller variety. 

Since preparing the first paper I have come across a number 
of other multiplication tables in the vast manuscript sources 
available for the further study of medieval Islamic science. 
These are discussed below. I 


STANDARD SEXAGESIMAL MULTIPLICATION TABLES 


The earliest dated copy of a standard sexagesimal multiplica- 
tion table with both arguments running from 1 to 60 which has 
come to my attention is preserved in MS Cairo Dar al-Kutub migat 
64,7 (fols. 79v-94r) copied in 803 Hijra (= 1400-1401). The 
manuscript is of Syrian provenance, and contains a number of 
treatises on the use of different varieties of quadrants. 

Another relatively early dated copy of a sexagesimal multi- 
plication table was copied by the late l5th-century Damascus 
astronomer al-Tizini [Suter 1900, No. 450]. This table, preserved 
in MS Oxford Bodleian Marsh 75, fols. lr-37v, was copied in 890 
Hijra (= 1490-1491). It is entitled jadwal al-nisba al-sittiniya 
fi l-aCmàl al-falakiya ila mi'a wa-Cishrin, "table of sexagesimal 
ratios for astronomical calculations [with argument] up to one 
hundred and twenty," and displays products 


m x n for m = 1, 2, ..., 2,0 (= 120) 
and n 1, 2, ..., 1,0 (= 60). 


It is followed in the manuscript by al-Tizini's tables of the 
sine, cotangent, and versed sine functions (to base 60), as 
well as of the solar declination (using obliquity 23;35?). The 
purpose of tabulating sexagesimal products up to m = 2,0 was 
to facilitate operations such as the determination of time from 
Solar or stellar altitude, which involve the use of the versed 
sine. This function (to base 60) assumes values between O and 
2,0. In MS Istanbul Topkapi 7125-A3476,2 (fols. 33v-68r), copied 
in 912 Hijra (= 1506-1507), there is another multiplication 
table, and the argument m, for some reason, runs to 140 (= 2,20). 
In MSS Bombay K. R. Cama Oriental Institute 18, fols. 7lv-8lr 
and 19, fols. 14v-24r, both copied about 1600, there is a multi- 
plication table in which the argument m runs to 100 (1,40). 
Several other manuscripts preserved in Istanbul and Cairo, 
the largest repositories of medieval Arabic scientific manuscripts, 
contain sexagesimal multiplication tables of the standard kind, 
with both arguments running from 1 to 60. Some examples from 
Istanbul, all of which postdate the two mentioned above, are 
the following: 


MS Bagdatli Vehbi Ef. 887, fols. 21r-36r, 
MS Esat Ef. 3769, fols. 9-13, 
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MS Hamidiye 843, fols. 50v-56r, 
MS Nurosmaniye 2904, fols. 47v-53r. 


Other manuscripts containing standard sexagesimal multiplication 
tables preserved in the Egyptian National Library in Cairo are: 


MS Zakiya 740 (15 pp., cop. ca. 1450), 
MS Dàr al-Kutub miqat 797 (26 fols., cop. ca. 1600) 


and twenty others listed in my forthcoming catalogue of the 
Cairo scientific manuscripts. 

None of these tables has any accompanying instructions of 
consequence. Simple treatises on the use of such tables and 
on sexagesimal arithmetic were compiled by a number of Egyptian 
astronomers in the 15th and 16th centuries. These include Ibn 
al-Majdi, al-wafa'i, Sibt al-Maridini, and Ibn Abi l-Fath al- 
Süfi [Suter 1900, Nos. 432, 437, 445 and 447]. 

Sexagesimal multiplication tables are attested, if rarely, 
in certain treatises on arithmetic and mathematics and also in 
zijes. Some examples follow. 

Firstly, MS Hyderabad Andra Pradesh State Central Library 
298 (ca. 200 fols., copied ca. 1400) is the only known copy of 
the ZIj of Ahmad ibn ©8131 ibn 15254 al-Tünisi [Suter 1900, No. 
356], a work which was compiled in Tunis in the thirteenth 
century and which was widely used in North Africa for the next 
two or three centuries.  Amongst the many tables in this precious 
manuscript is a sexagesimal multiplication table of the standard 
kind. 

A Persian zIj prepared after the time of Ulugh Beg (early 
fifteenth century) by an individual named Malik Mahmüd Karrami 
ibn Malik Ahmad Khwánsári [Storey 1958, 106, No. 27] and entitled 
Kanz al-fawa'id fi dhikr al-qawdCid contains a sexagesimal multi- 
plication table in the Introduction. I have examined MS Cairo 
TalCat falak fárisi 6 (375 fols., copied ca. 1700) of this work: 
the table in question occurs on fols. 3lr-38v and is of the 
Standard 60 x 60 type. 

Some, but not all, copies of a zij entitled Gháyat itqàn 
al-harakat by the seventeenth-century Yemeni astronomer named 
CAbd Alláh al-Sarhi [Kennedy 1956, No. X212] contain a standard 
sexagesimal multiplication table. Copies which do contain such 
a table include MS Hyderabad Salar Jung hay'a 29 and an unnumbered 
manuscript in the Grand Mosque Library in Sanaa. 

Another sexagesimal multiplication table is contained in an 
extensive treatise on arithmetic entitled CUyün al-hisadb by 
Muhammad Báqir ibn Zayn al-“ Abidin Yazdi [Brockelmann 1943, SII, 
59] and 1024, No. 72], who lived in Iran around the year 1640. I 
have examined MS Cairo Dar al-Kutub riyàda 822 of this work, 
copied ca. 1650; several other copies survive in other libraries. 
The table, which occurs on fol. 48v of the Cairo manuscript, 
displays sexagesimal products m x n for 


AM 
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m= 1, 2, ..., 10, 20, ..., 50 
and n = 1, 2, ..., 60. 


Another table, on fol. 50v, displays the powers of sexagesimal 
products. 

MS Cairo Dar al-Kutub K 7584,1 (fols. lr-81r, copied 1841) 
is a fragment, without title or author's name, of a treatise 
on sexagesimal arithmetic and spherical astronomy. The work 
was compiled in Sfax in Tunisia, as far as can be judged from 
the spherical astronomical tables. Furthermore, it postdates 
Ulugh Beg because the author uses the latter's value of the 
obliquity. There is a sexagesimal multiplication table of the 
standard 60 x 60 kind on fols. l6v-20r of the Cairo manuscript. 

Tables displaying only products for m < n in a table of 
triangular form [see King 1974, 319 and note 4] are attested 
thus far only in Indian Islamic sources. A new example is MS 
Bombay K. R. Cama Oriental Institute 46 of a simplified version 
of the ZIj-i-Muhammad Shàhi of Maharaja Jai Singh [Storey 1958, 
No. 144], where such a table is found on fols. 237v-238r. There 
is no such table in Jai Singh's original zij. 

As noted in [King 1974] the earliest reference to a sexagesimal 
multiplication table in the Arabic sources is in a treatise on 
arithmetic by Küshyár ibn Labbán (fl. Iran, ca. 1000). Also, 

MS Florence Biblioteca Medicea Laurenziana 238 (Assemani CCCIX) 
contains a highly sophisticated treatment of sexagesimal arith- 
metic (Arabic, his&ab al-munajjimin, "the arithmetic of the as- 
tronomers") compiled by the scholar al-Samaw'al ibn Yahtda al- 
Maghribi (fl. Iraq and Persia, ca. 1150; see [Suter 1900, No. 
302]). The treatise preserved in Florence deals with such 

topics as taking the square roots of sexagesimal numbers using 

a sexagesimal multiplication table. Thus, although most extant 
Islamic sexagesimal multiplication tables are of Egyptian, Syrian, 
or Turkish provenance and date from the 15th century or there- 
after, I think it is reasonable to assume that such tables were 
also standard equipment of the Muslim astronomers in earlier 
centuries. For this reason alone, it is hardly surprising that 
no multiplication tables predating the l5th century have survived. 
Another reason is provided in an llth century Persian astrolog- 
ical compendium, Rawdat al-munajjimin, by Mardanshah ibn Abi 
l-Khayr Ràzi [Storey 1958, No. 81]. In the first bab (chapter) 

of the eighth maqala (treatise) of his work Mardanshah writes 

(MS Cairo TalCat falak farisi ll, copied ca. 1300, fol. 58v): 


In order to facilitate this operation, a table 
has been made, known as the sexagesimal table (jadwal- 
i-sittini), for performing multiplication and division. 
We put it on one separate piece (juz') [of paper] in 
this work so that at any place where it is needed it 
may be placed before the eyes. It is not to be numbered 
among the pages. 
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(This passage was located and translated by my colleague Dr. 
E. S. Kennedy.) 


LARGE SEXAGESIMAL MULTIPLICATION TABLES 


As noted in [King 1974], MS Paris Bibliothéque Nationale ar. 
2552 (182 fols., copied ca. 1600) contains a sexagesimal multi- 
plication table displaying products m x n to three sexagesimal 
digits for m = 0;1, 0;2, ..., 0;59, 1;0, and n = 1, 2, ..., 

60. This manuscript is probably of Turkish origin, and was owned 
by Ahmad MuCayyid (2), and Sulayman Durri, a muwaqqit (timekeeper) 
at the Mosque of'Sultan Muhammad Khàn (in Istanbul) about 1725. 
Two other tables of this kind have been located. They appear to 
be independently calculated, although I have not investigated the 
incidence of errors. 

MS Cairo Taymür riyáda 119 contains a multiplication table 
of the same kind as the one contained in the Paris manuscript. 
This Cairo manuscript, which dates from about 1500, comprises 
600 pages of tables, each containing 180 products, representing 
only one-half of the whole set because the horizontal argument 
runs only to 29;59. The work is entitled Kitab 2al-nisba al- 
sittiniya al-kubrá, which means "large sexagesimal table," and 
is attributed to Yüsuf ibn Qarqmás al-Hamzàwi, also known as 
Amir al-Hàjj al-Halabi.  al-Hamzàwi lived about 1475 and is 
known from his other treatises on sundials and astrology. (A 
work of his of particular interest and importance is an astro- 
logical history of political events in Aleppo about 1475, pre- 
Served in MS Cairo Dar al-Kutub Mustafa Fadil miqat 13,3.) At 
the end of the multiplication table there are some tables of 
proportional parts of the principal trigonometric ratios (to 
base R = 60; thus Sin x = R sin x, etc; cf. Kennedy 1956, 139- 
140) of the obliquity of the ecliptic, €, that is, 


f(n) = ° z (n = 1, 2, ..., R) 


H 
R 
where 

z-Sint, Cost, Tan €, and Cot € 


The underlying values of Sing , etc., are related to those in 
the trigonometric tables of Ulugh Beg, compiled in l5th-century 
Samarqand [see Kennedy 1956, No. 12], but the parameter used 
for € is the common Islamic one, 23;35?, rather than Ulugh Beg's 
value 23;30,17?. These values are 


Sin 23;35? = 24;0,17,48,38,0, 

Cos 23;35? 54;59,19,29,45,0, 

Tan 23;35? 26;11,33,15,51,49, 

Cot 23359 = 2,17:26,36,44,30,37,51,5,12,46(!), 


each of which is correct as far as the fourth sexagesimal 
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fractional digit. (Such tables of the trigonometric ratios of 
€ are attested already in lOth-century Islamic sources--see, 


ipo E for example, [Kennedy 1956, 145b]--and are of limited use in 
s i I f certain calculations of spherical astronomy.) 
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(Arabic, al-taCdil bayn al-satrayn: literally, "correction be- 
tween the two lines"). The first of these is contained in MS 
Damascus Zahiriya 7387 of the Zij (astronomical handbook) of 
abd al-Rahim ibn Abd al-Karim al-Qazwini al-CAjami, an astrono- 
mer associated with the Umayyad Mosque in Damascus about the 
year 1600, who made various minor modifications to the Zij of 
his illustrious predecessor Ibn al-Shatir. The table in al- 
Qazwini's Zij which concerns the present study is found on fols. 
69r-70r of the Zahiriya manuscript and consists of six subtables 
entitled jadawil taCdil mà bayn al-satrayn yu'khadh bi-1-tafádul 
wa-bi-l-kasr, "tables for linear interpolation, found from the 
first difference (between the two consecutive entries) and the 
fraction (of the argument interval for which the value is re- 


quired)." The function displayed in the subtables is 
f(m,n) = n d 
for arguments 
m= Ee x 9y 105-204-3250 
and 
n= 0;0, 0;1, 0;2, ..., 0;5, 0;10, 0;15, ..., 
OSS LPO I1, 152; see Li5; L710,. 1715; 


s», قلط‎ 


The argument n is labelled al-tafadul, “first difference," and 
the values f(m,n) are labelled qaf ya’, which is an abbreviation 
for daqà'iq thawáni, "minutes and seconds." All the numbers 

are expressed sexagesimally in abjad notation. 

The second Syrian interpolation table is contained in MS 
Damascus Zahiriya 7976 of the Zij of Muhammad ibn CAbd al-Rahim 
al-Mukhallalati, who died in 1792. His Zij is likewise based 
on that of Ibn al-Shatir and includes extensive double-argument 
planetary equation tables. The tables which concern the present 
study are found on pp. 48-68 of the Zahiriya manuscript and 
are entitled jadwal ta°dil fadl mā bayn al-satrayn wa-taCdil ma 
bayn al-tafaduiayn, literally, “table for correcting the dif- 
ference between the two lines and the difference between the 
two first differences." The function tabulated is 


f(m,n) = n x m 
for the argument domains 
m = l, 2, ..., 59 and n = 0,1, 0,2, ..., 12,0. 


All numbers are expressed in abjad notation. 
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MISCELLANEOUS 


MS Istanbul Hafid Ef. 181, fol. 104v, contains a table en- 
titled Jadwal sittini li-bast al-kawakib latif, which means 
"nice sexagesimal multiplication table for finding the mean 
motions of the planets." Sexagesimal products m x n are given 
for the domains 


m= 1, 2, ..., 120 and n = 5, 9, 10. 


The table occurs at the end of a redaction of the mid-13th- 
century Persian astronomical handbook al-Zij al-Ilkhani, pre- 
pared by the 16th century Syrian astronomer Ahmad ibn Ibrahim 
ibn Khalil al-Halabi [see Kennedy 1956, No. 6; Suter 1900, No. 
434]. I fail to see the advantage to be gained from using a 
table of this kind to calculate planetary mean motions. 

MS Milan Ambrosiana C49 inf., fol. lO4r, contains a small 
multiplication table displaying products m x n for each integral 
value of both arguments from 1 to 10. The table occurs at the 
end of a simple treatise onarithmetic by Ibn Fallus, who worked 
in Mecca in the early 13th century [see Suter 1900, No. 359]. The 
products are expressed decimally in the Arabic abjad nota- 
tion: thus, for example, the entry for 9 x 9 is fà' alif, re- 
presenting 80 and 1, i.e., 81. In the arithmetic of the early 
l4th-century scholar Ibn al-Banna' of Marrakesh [Suter 1900, 

No. 399; cf. Souissi 1969, 56-62] there are some notes on the 
use of a simple multiplication table of this kind; no table 
is presented in the text, and the products quoted as examples 
are written out in words. 

MS Istanbul Esat Ef. 1976, fol. 19r, contains a similar 
multiplication table in which the products are expressed deci- 
mally in the Arabic abjad notation: thus, for example, the entry 
for 9 x 9 is ha’ alif representing 8 and 1, i.e., 81. There 
is also a table of reciprocals Lon for each integral value of 
n from 1 to 60, with values expressed as four-figure decimals 
in abjad notation. These two tables occur amidst various other 
tables due to the l6th-century Ottoman astonomer Taqi al-Din 
[Suter 1900, No. 471], preceding a complete copy of his astrono- 
mical handbook for Istanbul, entitled Jaridat al-durar wa-kharidat 
al-fikar. 1n this work the entries in the trigonometric and 
certain spherical astronomical tables are expressed decimally: 
these are the earliest examples of Islamic trigonometric tables 
in the decimal system. The base for Taqi l-Din's trigonometric 
functions is 10 rather than l, and the names of the units are 
those of Islamic sexagesimal arithmetic. Thus for Sin 30? (the 
capital notation indicates that the base is 10, i.e., Sin x = 
10 sin x), the entry is 5000, and the abbreviations at the head 
of the columns of entries are j (for daraj, "degrees"), q (for 
daqà'iq, "minutes"), yt (for thaniya(t), "one second"), Ith 
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(for thawalith, "thirds"). Likewise, the entry for Tan 45? is 
10000, and the columns are labelled © (for marfüC, "first power," 
literally "raised"), j (for daraj), etc. 

Plate 2 shows the sine table from Taqi l-Din's Zij, taken 
from a manuscript of the work preserved in Cairo. 

In Ms Cairo Där al-Kutub miqat 900,1 (fols. 3v-5r, copied 


ca. 1785), preceding a copy of Taqi 1-Din's Zij, there is a set 


of decimal multiplication tables written in abjad notation dis- 
playing products, 


x x n (n = 1, 2, ..., 10), 


for x = sin $m, Cos $m, Sin $y, cos ër, Sin € , cos € , tan © , 
cot €, tan $y, cot Prr sin Qur COS $u, and four other 
functions relating to timekeeping; $m and $i are the latitudes 
of Mecca and Istanbul and ع‎ is the obliquity. Such tables are 
of (very) limited use in timekeeping calculations and in deter- 
mining the qibla (direction of Mecca) at Istanbul. They are 
preceded by a decimal multiplication table displaying products 
m x n for m,n = l, 2, ..., 10. The products are written in 
abjad notation so that, for example, 81 is represented by hà' 
alif, that is, 8 followed by 1. 

MS Aleppo Awqaf 965, which was copied in Aleppo about 1800, 
contains a table entitled jadwal hall al-darajat, literally 
"table for solving degrees," and displays the function 


f(m,n) = 60x m + n, 
m = 1, 2, ..., 60 and n = 1, 2, ..., 60. 


The entries are written decimally in modern Arabic numerical 
notation, and the table can be used to find, for example, the 
number of minutes corresponding to a sexagesimal number m;n. 

MS Princeton Yahuda 353 of the corpus of tables for time- 
keeping prepared for the latitude of Istanbul in the mid-18th 
century by Salih Efendi contains an additional table that is 
not found in any of the other known copies of the corpus. The 
table displays values to three sexagesimal digits of the func- 
tion 
= EN. 
f(x,y) E^ 
for the domains 

x = 10, 10;30, ..., 25;30, y = 1, 2, 3, 4, 5, and 10. 


The purpose of tabulating this function is not stated. However, 
the same table occurs in MS Istanbul Kandilli Observatory 370 


Plate 2: The sine table in the Zij of Taqi 1-Din, in which 
values are given to base 10 decimally for each degree of argu- 
ment. This extract is taken from MS Cairo Talat miqat 76, fols. 
3r-4r, by courtesy of the Egyptian National Library. 
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with a note that it was prepared by the astronomer Shukri Zàde 
to supplement Salih Efendi's tables of coordinates for construct- 
ing sundials. 

A treatise in three maqálas on arithmetic, algebra, and 
surveying by CAbd al-Majid al-Sàmüli, apparently compiled in 
Mecca about 1600, contains a small decimal multiplication table 
displaying products m x n for m,n = 1, 2, ..., 9, written in 
Arabic numerical notation and expressed decimally. I have 
examined MS Cairo Taymur riyada 31l4 (117 pp., copied ca. 1800) 
of the first half of this treatise, in which the table occurs 
on p. 7. 

MS Cairo Taymur riyada 321,2 (fols. 2v-6r, copied ca. 1800) 
contains a table, with neither title nor accompanying text, 
which displays the decimal products 


44 xn (n = 1, 2, ..., 1000), 


written in Arabic numerical notation. I have no idea what the 
purpose of this table might be. 

MS Cairo Där al-Kutub miqat 770,2 (fol. 7r, cop. ca. 1750) 
contains a table entitled jadwal al-taCdil al-asghar, "table 
of the smallest equation," displaying the sexagesimal products 


0;17,24 x n (n = 1, 2, ..., 60) 


to three digits. The table is unrelated to the other works in 
the manuscript, and its purpose eludes me. 
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XVI 


A Handlist of the Arabic and Persian 
Astronomical Manuscripts in the Maharaja 


Mansingh II Library in Jaipur 


HE MAHARAJA JAI SINGH (d. 1743) is well known to the history 
of science as the founder of the stone observatories of northern India, of 

which the most spectacular is in the **pink city" of Jaipur.! Having convinced 
his patron, the Emperor Muhammad Shab, of the inaccuracy of the current 
ephemerides, computed with the zijes of Ulugh Beg and al-Kashi (ca. 1425) 
of Samarqand and with the Indian recensions of the zij of Ulugh Beg made 
by Mulla Chand (ca. 1600) in the reign of Akbar, and by Mulla Farid al-Din 
(ca. 1630) in the reign of Shahjahan, Jai Singh was ordered to undertake new 
observations with the help of Muslim, Brahman, and European astronomers. 
Besides constructing the observatories, Jai Singh collected manuscripts of 
Sanskrit, Persian, and Arabic astronomical works, as well as printed books 
from Europe. Some of these, surely only a fraction of his original collection, 
are still preserved in the library adjacent to the observatory in Jaipur, although 
not all of them date from the time of Jai Singh, notably the two manuscripts 
of his own zi]. 

The purpose of this note is simply to identify the Arabic and Persian 
astronomical manuscripts preserved in the Library. The manuscripts mentio- 
ned below add little to the corpus of material available for the further study 
of the history of Islamic astronomy in general, but are of interest in that they 
illustrate the kind of works that were being studied in Turkey, Iran, and 
India in the seventeenth, eighteenth, and nineteenth centuries. For each 


* Department of Near Eastern Languages and Literature, Faculty of Arts and Sciences, New 
York University, 50 Washington Square South, New York NY 10003, U.S.A. 

1. On Jai Singh’s astronomical activities see in the appended bibliography, for example, Kaye; 
Sayili, pp. 359-361; Blanpied; and Price. For an overview of Mogul astronomy see Ansari. On the 
translation of Islamic works into Sanskrit see Pingree. 

2. A list of the holdings of the Maharaja’s Museum and Library, including most but not all of vari- 
ous Sanskrit, Islamic, and European astronomical works, is contained in Das. I have not been able to 
consult Bahura, which apparently lists only Sanskrit manuscripts. 
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work represented I give only the most basic information, such as title and 
author, together with the accession number, number of folios, and date of 
copying (Hijra/Christian calendar), as well as the date of acquisition where 
this is available. All of the authors and their works are well known to the 
history of Islamic science. The references given below, particularly those to 
the surveys of Arabic literature by C. Brockelmann and F. Sezgin and the 
survey of Persian literature by C. A. Storey, will guide the reader to other 
manuscripts of the same works preserved in other libraries.‘ 


3. Since these are given in Sanskrit, I have relied on Das for this information. 

4. The standard reference works on the sources for Islamic science are Sezgin (covering the period 
up till the mid-eleventh century); and Suter and Brockelmann (still the main sources for the later 
period); and Storey (for Persian works). Additional information on scientific manuscripts in Istanbul 


and Cairo is given in Krause and King, respectively. A survey of the Islamic astronomical handbooks 
known as zijes is in Kennedy. 
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List of manuscripts 


1. The Arabic version by Thabit ibn Qurra of Ptolemy’s Almagest: 
20 (ca. 150 fols., copied ca. 1600, breaks off after the beginning of the sixth 
maqûla), and the Arabic recension of Ptolemy's Almagest by Nasir al-Din al- 
Tüsi: 19 (97 pp., copied ca. 1500, acquired 1725). 
References: Sezgin, VI, pp. 89 and 93. 


2. An anonymous Arabic commentary on the Kitab al-Manázir (Optics) 
of Ibn al-Haytham, actually the Tangih al-mandzir by Kamal al-Din al- 
Farisi: 17,1 (ca. 150 fols., copied 1070H = 1659-60, checked 1079H = 1668- 
69, acquired 1725, clear naskhi script with carefully-drawn diagrams). The 
manuscript appears to have been copied by Abi Muhammad Sam än? (?) for 
al-Shah Qiyàd ibn “Abd al-Jalil al-Hàrithi al-Badakhshi known as Diyàn- 
thihan( ?). 

References: On Ibn al-Haytham and his Optics see the article by A. I. Sabra in DSB and the re- 
ferences there cited. Prof. Sabra is currently completing an edition of this work. On Kamil al-Din 


al-Fàrisi see the article by R. Rashed in DSB, and on the available manuscripts of the Tangih see 
Brockelmann, I, p. 619 and SI, p. 853, and Krause, no. 389. 
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3. The Arabic treatise on the rainbow and lunar halo by Ibn al-Haytham: 
17,2 (8 fols. in the same hand as 17,1 — see no. 2 above). 
References: On Ibn al-Haytham see 2 above. On this treatise see Krause, no. 204(19) and Brockel- 


mann, SI, p. 853. The only other known copy of this work appears to be the Istanbul copy listed by 
Krause. 


4. The Persian version of al-Tafhim li-awá'il sina‘at al-tanjim by Abu'l- 
Rayhàn al-Birüni: 7 (ca. 150 fols., copied ca. 1300, acquired 1725, fine copy). 
References: Storey, no. 80; Boilot, no. 13. On Birüni see also the article by E. S. Kennedy in DSB. 


5. The Arabic commentary by Qàdizáda al-Rümi on the treatise on theo- 
retical astronomy entitled al-Mulakhkhas fil-hay'a by Mahmüd ibn ‘Umar 
al-Jaghmini: 18 (106 fols., copied ca. 1600, acquired 1725). 

References: On al-Jaghmini see Suter, no. 403; Krause, no. 403; Brockelmann, I, pp. 624-625, and 


SI, p. 865, and Storey, no. 88. The Mulakhkhas was compiled in 618H = 1221 (contra Sezgin, V, p. 115). 
On 030 1308 see Suter, no. 430; Brockelmann, II, p. 275. etc. 


6. The Arabic commentary by al-Nisápüri on the treatise on theoretical 
astronomy entitled al-Tadhkira by Nasir al-Din al-Tüsi: 21 (250 fols., copied 
ca. 1600), and 22 (ca. 120 fols., copied ca. 1600, acquired 1725). 

References: On al-Tusi see Suter, no. 368; Krause, no. 368; Brockelmann, I, pp. 670-676 and SI, 
pp. 924-933; Storey, nos. 10 and 91; and the article in DSB by S.H. Nasr. The Tadhkira is currently 


being investigated in detail by J. Rajeb of Harvard University. On al-Nisápüri see Suter, no. 395, 
Brockelmann, II, p. 256 and SII, p. 273. 


T. The Arabic commentary by “Alí al-Birjandi on the treatise on arithmetic 
called al-Shamsiya by al-Nisapiri: 10 (197 fols., copied 924H = 1518, acquired 
in 1725). 

References: On al-Nisápüri see 6 above. On “Al: Birjandi see Suter, no. 456; and Storey, no. 121. 


Other copies of this commentary are listed in Brockelmann, SII, p. 273 (to which add MS Princeton 
Mach 4800). 


8. The Persian astrological treatise Lawá'ih al-qamar by Husayn ibn “Ali 
al-Bayhaqi al-Kashifi: 91 (ca. 100 fols., copied ca. 1600, acquired 1725). 
References: Storey, no. 116. 
9. An unidentified anonymous Persian work on astrology: 2 (ca. 150 fols., 
copied ca. 1700). The author quotes Dorotheos frequently. Incipit: ... 
دليلها هفت ستاره بر مولودها‎ 
References: This manuscript is not listed in Das. No Persian astrological works based on Dorotheos 
are listed in Storey. 
10. The Persian Zij-i Khaqani of Ghiyath al-Din al-Kashi: 9 (184 pp., 
copied ca. 1600, acquired 1728, fair copy, diagrams unlabelled). 
References: Storey, nos. 104 and 105; Kennedy, no. 20. On al-Kàshi see also the article in DSB by 
A. P. Youschkevitch and B. A. Rosenfeld. An. edition and translation of the Khaqani Zij ie currently 
being prepared by E. S. Kennedy. 
11. The Persian Zij-i Sultanî of Ulugh Beg: 11 (ca. 195 fols., copied ca. 
1500, fair copy), plus Persian commentaries by *Ali Birjandi: 5 (ca. 200 fols., 
1015H), and Molla Chand: 6 (ca. 250 fols., copied ca. 1600, acquired 1725). 
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References: Storey, no. 104; Kennedy, no. 12. On the Arabic versions of this zij see also Brockelmann, 
II. pp. 275-276 and SII, p. 298. Only the Persian introduction of the Zij of Ulugh Beg and the star 
catalogue have been published; for a brief survey of the remaining tables, which merit detailed study, 
see Kennedy, pp. 166-167. 

12. The Persian Zij-i Sháhjahàni compiled in Delhi by Farid al-Din Mas*üd 
ibn Ibrahim al-Dihlawi: 12 (438 fols., copied ca. 1800), and 14 (328 fols., copied 
ca. 1700, acquired 1725). In the second copy, the zij is followed by an incomplete 
sexagesimal multiplication table (on which see Historia Mathematica, 1 (1974), 
317-323, and 6 (1979), 405-417), and an incomplete table for computing the 
mizaj of the moon. 

References: Storey, no. 133; and Kennedy, no. X204. The Shdhjahani Zij has, as far as I know, 
nevez been studied, and merits investigation. 

13. The Persian Zij-i Muhammad Sháhi of Jai Singh: A (ca. 150 fols., copied 
ca. 1800 ??), and 8 (222 fols., copied ca. 1800). 


References: Storey, no. 144; Kennedy, no. X203. Another copy which I have come across that is 
not listed in Storey is MS Aligarh University Library 30. Kaye, writing in 1918, implies that he was 
unable to Jocate a Persian copy of this zij in Jaipur (Kaye, p. 7). The zij of Jai Singh is unpublished, 
although much has been written on Jai Singh's astronomical activity (see Storey for references). 


Sanskrit Translations of Islamic Works 


For the sake of completeness I list the following manuscripts of Sanskrit 
versions of Islamic astronomical works, for which I have relied mainly on the 
handlist of the collection prepared by Dr. Asok Das and on Dr. David Pingree's 
survey of Islamic astronomical works in Sanskrit translation (see Das and 
Pingree in the bibliography). Other Sanskrit astronomical manuscripts are 
preserved in the Library, and also some European books on astronomy: see 
further Das. The Sanskrit manuscripts are listed in Bahura and are classified 
in D. Pingree's Census of the Exact Sciences in Sanskrit (see CESS for a full 
reference). Dr. Pingree kindly provided me with the information on the works 
numbered 18, 19, and 20 below. 


14. Zij of Nityananda: 23 (443 pp.). 
References: Das, p. 7, no. 127; Pingree, pp. 323-326. 
15. Hayatagrantha: 24 (ca. 50 fols.) 
References: Das, p. 6, no. 112; Pingree, pp. 326-328. 
16. An extract from the tables in what is apparently a Sanskrit version 
of the Zij-i Ulugh Beg: 45 (ca. 100 fols.). 
References: Das, p. 1, no. 115; Pingree, p. 326. 
17. Nayanasukhopáadhyaya's translation of what purports to be Nasir 
al-Din al-Tüsi's Tadhkira in the commentary of al-Birjandi: 46 (ca. 60 fols.) 
(unique ?). 


References: Das, p. 6, no. 114; Pingree, p. 328. This work remains to be studied. For al-Birjandi on 
the Tadhkira see Brockelmann, SI, p. 931. This Sanskrit work is more probably a translation of al- 
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Birjandi's Persian Risdla-i-hay’a (see Storey, no. 121), the relation of which to al-Tüsi's Tadhkira 
remains to be established. 


= 9 


18. Nayanasukhopádhyaya's translation of Nasir al-Din al-Tüsi's recension 
of the Sphaerica of Theodosius: 44. | 
References: CESS, A3, 132a, and A4. 


19. Yantrarájarisala bisa baba, a translation of Nasir al-Din al-Tüsi's trea- 
tise on the use of the astrolabe: 42. 
References: CESS, A3, 145a, and A4. 


20. Virodhamardanagrantha, a work in Marathi composed by Yajnesvara 
Punakara Jyotirvit in 1837 and based on the Zij-i-Khdqani (see no. 10 above): 
205 (16 fols.), unique? 
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The chapters on mathematics and astronomy in Islamic Science: An Illustrated 
Study. S. H. Nasr (World of Islam Festival Publishing Co. Ltd, London, 
1976). Pp. xiv +273. £12۰50. 

This lavishly-illustrated volume was prepared for the occasion of the Exhibition 
"Science and Technology in Islam” held in the Science Museum in London in 
1976 as part of the so-called Festival of the World of Islam. The author is 
Professor S. H. Nasr, a professional historian of science and specialist on 
Islamic science, who is currently Chancellor of the Arya-Mehr University of 
Technology in Tehran. The Exhibition in London and also this new book by 
Professor Nasr attempted to cover the whole spectrum of Muslim activity in 
the sciences, defined in their widest sense, and to illustrate the depth and 
importance of the Muslim achievements in the sciences. The book claims to 
be (p. xiii b) “the first ever written on Islamic science in which the study and 
analysis of the texts is combined with illustrations from sources throughout 
the Islamic world". 

In view of the nature of this journal and the limitations of my own experience 
in working on Islamic scientific material, I shall restrict my attention entirely 
to Nasr's chapters on mathematics and astronomy, which take up about 
one quarter of the book. In so doing I regrettably ignore what Nasr has written 
on physics, medicine, natural history, and “Man in the Universe". Likewise 
I shall not discuss Nasr's philosophy of Islamic science which enables him to 
see "the integration of the sciences of the Cosmos [in Islam] into the total 
scheme of knowledge drawn from the Quranic relevation” (front jacket). This 
philosophy, coupled with his contempt for Western rationalism, and disdain 
for Western science and civilization in general, which are in evidence in every 
chapter, make the work very much a personal interpretation rather than an 
historical survey. Typical of Nasr's personal interpretation of Islamic science 
is a remark found on p. 133a: “... Muslims had all the technical knowledge 
necessary to overthrow the Ptolemaic system [sic], including knowledge of the 
heliocentric system [sic], but they did not do so because they had not as yet 
become forgetful of the symbolic content of traditional astronomy nor of the 
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fact that the best way to remind most men of the presence of God is to remind 
them of the limited character of the created world UL" 

However, Nasr's survey, which contains no "study and analysis" of any 
texts, is further marred by an inordinately large number of inadequately- 
documented claims and outright errors. Most of Nasr's statements referring to 
an individual, or a work, or a discovery, contain some kind of distortion or 
exaggeration resulting from the author's lack of familiarity with the original 
sources, or his innocence of the mathematics or astronomy involved. Not all 
the errors are Nasr's; many are found already in his sources. But this is not a 
book by an amateur; the author is a professional historian of science. Notwith- 
standing the fact that he is currently compiling an Annotated bibliography of 
Islamic science (of which the first volume appeared in 1975), he seems to be 
quite out of touch with much recent scholarship in the field of Islamic science. 

Nasr is of course at his best when quoting directly such authorities on Islamic 
science as D. Pingree and E. S. Kennedy. But the general picture of Islamic 
science which he portrays indicates that he has not used some of the most 
important references which he cites, such as Kennedy's Survey of Islamic 
astronomical tables, Sayili's Observatory in Islam, Wiedemann's Aufsátze zur 
Geschichte der Naturwissenschaften, and Juschkewitsch’s Mathematik im 
Mittelalter. Nor has he used any of the relevant and important articles in the 
Encyclopaedia of Islam (hereafter EI, and ET, for the first and second editions) 
or the Dictionary of scientific biography (hereafter DSB). Nasr’s book is at 
first sight carefully documented with footnotes and references to numerous 
scholarly articles, but a superficial investigation of his choice of an authority 
here, or selection of a reference there, gives the impression that the book was 
written in some haste. 

A curious omission from Nasr’s chapters on mathematics and astronomy is 
any serious discussion of the peculiarly Islamic aspects of Islamic mathematics 
and astronomy. The arithmetic of inheritance is a rather important aspect of 
Islamic mathematics which Nasr does not even mention. The three Islamic 
aspects of Islamic astronomy, which are the sole surviving elements of a 
millenium of Islamic astronomy, are firstly, the determination of the visibility 
of the lunar crescent at the beginning of each Muslim month, secondly, the 
determination of the astronomically-defined times of Muslim prayer, and 
thirdly, the determination of the qibla or direction of Mecca. Nasr ignores the 
first of these aspects completely, and devotes three or four noncommittal 
sentences of his own to the second and third, which he calls the “cosmic 
dimension of the Islamic rites”. Muslim astronomers concerned themselves 
with the determination of crescent visibility and of the prayer-times and qibla 
for over a millenium. This activity and the vast corpus of Islamic literature 
dealing with it are worth more than a few sentences in a book bearing the 
title Islamic science. Why are the prayer-times astronomically defined? How 
were they regulated in medieval times? How are they regulated today? Why do 
medieval mosques in general not face the true qibla? Why must the crescent 
be sighted before the new month begins? Why is there so much confusion 
about the beginning of the Muslim months in the modern Islamic world? 
These are fair questions, and their answers add a new dimension to our know- 
ledge of Islamic science. 
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The following examples, taken from a few pages of Nasr's text, are presented 
to illustrate the major problems of at least the sections of the book dealing 
with mathematics and astronomy. 

Let us begin with some of Nasr's remarks about the achievements of various 
Muslim scholars in number theory and computation (pp. 79-81). On p. 80a-b 
he states that “Kashani, the outstanding Persian mathematician, . . . invented 
the decimal fraction..." and contradicts this claim in a footnote saying 
*al-Uglidusi [sic] seems to have invented them . . .". In fact, as far as we know, 
al-Uglidisi of Damascus wrote on decimal fractions five centuries before al- 
Kashàni (or al- Kashi), and they were further developed in the intervening 
centuries. Further on in this section on number theory and computation we 
read that: "[al-Kàshàni] must also be considered the first person to have 
invented a calculating machine”, but al-Kashi’s tabaq al-manatiq is a planetary 
equatorium, not a calculating machine. 

On p. 81a Nasr writes of the prolific seventeenth-century writer Baha’ al-Din 
al-cAmili that “[he] was particularly influential because he was a truly universal 
genius . . . 1) is not accidental that Suter concluded his now classical work on 
Islamic mathematics with him...”. Suter (1900) indeed concluded his study 
with al-cAmili, but he said of him: "Seine Werke zeigen kenen Fortschritt 
mehr, sondern im Gegenteil einen Rückschritt, von Selbständigkeit oder 
Originalitát ist bei ihm und seinen Nachfolgern keine Spur mehr zu finden." 
The fact that al-cAmili was indeed influential is more a reflection of the 
stagnation of intellectual life in Islam in the late medieval period than of the 
universality of his genius. 

In the section on trigonometry (p. 4) Nasr states: "It was Muslim mathe- 
maticians who for the first time formulated the trigonometric functions 
explicitly. In fact the word ‘sine’ is the direct [sic] translation of the Arabic 
word jayb.” Curiously, though, the Arabic word jayb is derived from Sanskrit 
jiva, where in the astronomical context it also means "ene". Nasr's discussion 
of algebra (pp. 84-86) begins: “As in trigonometry so in algebra Muslims 
must be considered as the founders of this science whose very name reflects 
its origin.... al-Khwárizmi...firmly established this branch of mathe- 
matics. . . ." In fact, both Greek and Hindu algebra had advanced well beyond 
the elementary stage of al-Khwarizmi’s work. Nasr continues: "[Algebra] is 
closely related to certain metaphysical principles so central to Islamic doctrines", 
but unfortunately gives no examples. When he writes on p. 85a that “after 
Khayyam the study of algebra gradually declined among Muslims...", he 
ignores the results of much recent research on Islamic algebra which has 
radically improved our knowledge of the subject, notably the work of Rushdi 
Rashed. 

In a remark about the Muslim contribution to mathematical geography on 
p. 98b we meet the statement that: “Altogether the astronomers of al-Ma'mün 
made many original observations, one of the most outstanding being the 
measurement of the meridian near Mosul, which they found to be 111,814 
metres", and the footnote “the actual value is 110,938 metres", which display 
a complete misunderstanding of the purpose of the observations and the results 
obtained. On p. 48 of Nasr's chapter on geography we read that "already 
during the 3rd/9th century they had measured a degree of latitude at about 
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36° N to be 2877 feet [!]...”, which is somewhat at variance with the other 
result cited. 

In a section on the sources of Islamic astronomy (pp. 95-98) Nasr mis- 
interprets the meaning of anw and nasi’, concepts basic to the primitive folk 
astronomy of the Arabian peninsular in pre-Islamic times (cf. the articles Anwad’ 
and Nasi’ in EI, and El, respectively). When discussing the non-Islamic 
sources of Islamic astronomy, Nasr quotes D. Pingree and then on p. 97b 
ventures the following remark of his own: “. . . by the 3rd/9th century Muslims 
became thoroughly acquainted with the astronomical traditions of the Indians, 
Persians and Greeks and of course, through them, with those of the ancient 
Babylonians and Egyptians.” In fact the Muslims knew nothing of the astro- 
nomical traditions of either ancient Babylon or ancient Egypt as such: when 
isolated examples of Babylonian and Egyptian techniques do occur in Islamic 
sources their origins are not usually identified. Nasr claims on p. 106a: “Until 
the 4th/10th century Muslims followed Indian and Persian planetary models, 
while from the time of al-Battani the Ptolemaic theory became completely 
dominant", but three of the four extant zijes from ninth-century Iraq are based 
on Ptolemaic planetary theory. 

The whole of Nasr’s brief categorization of Islamic astronomical literature 
on p. 98a betrays a lack of familiarity with the most basic works of Islamic 
astronomy. For example, the Nihdyat al-idrak of al-Shirazi belongs to precisely 
the same category of Islamic astronomical literature as al-Tüsi's Tadhkira. 
Also, al-Birüni's al-Qànun al-Mas*iidi is a zij. Nasr states that “. . . zijes or 
tables . . . usually include results of observations in tabular form with extensive 
mathematical analysis and even occasionally discussion of mathematics itself”. 
But zijes are not tables. Nor do they include results of observations in tabular 
form. Furthermore, no example of a zij containing any discussion of mathe- 
matics other than sexagesimal arithmetic comes to mind. In fact, as one can 
learn from E. S. Kennedy's survey of Islamic zijes cited in Nasr's footnote, 
zijes are astronomical handbooks sometimes containing several hundred pages 
of text and tables, and usually covering a variety of topics of concern to the 
medieval astronomer from chronology, to solar, lunar, and planetary motions, 
to astrology. 

Nasr's conclusions on the achievements of individual Mulsim astronomers 
(pp. 98-105) include the following. On p. 105a he states that “‘al-Bitriji . . . is 
responsible for... the most developed criticism against Ptolemaic astronomy 
to appear in the Western land of Islam" and on p. 106b that "Al-Bitrüji marks 
the peak of this movement ... to create astronomically meaningful models 
based on the Aristotelian system . . .". Does the author not know that it is not 
possible to make meaningful models based on the Aristotelian system? On 
p. 105a Nasr perpetuates an old misconception that “al-Zarqali . . . edited the 
Toledan tables". G. Toomer has shown in his penetrating study of the Toledan 
tables that the only part of the corpus which may be due to al-Zargàllu is the 
planetary mean motion tables; the rest was lifted from the Zijes of al-Khwarizmi 
and al-Battàni. On p. 105a we read also that *'al-Zarqàli . . . proved the motion 
of the apogee of the sun with respect to the fixed stars . ..", but on p. 132a 
we read as one of the achievements of the Muslim astronomers that “. . . the 
motion of the solar apogee was observed and tied to the movement of the 
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fixed stars Le, the gradual precession of the equinox] . . .”. Is the solar apogee 
sidereally fixed or not? On p. 99a Nasr states ‘‘al-Battani was a careful observer 
who discovered the amount by which the Sun's apogee had increased since 
Ptolemy”. But the Islamic sources inform us of various solar apogee measure- 
ments from the early ninth century onwards. (On such measurements prior to 
al-Battàni see, for example, W. Hartner's article **al-Battàni" in DSB.) 

Nasr's section on number theory and computation concludes with a remark 
about the achievements of the Persian astronomers at Maragha. On p. 81a he 
writes: “Finally the Muslims developed techniques of computation far beyond 
what had existed before. This is to be seen especially in the circle of Nasir 
al-Din al-Tüsi at Maraghah, where a precision of one in ten million was attained 
for the table of tangents. To have a large number of mathematicians work on 
problems together, to coordinate their computation and finally to develop a 
means of checking error as one progresses is no easy task. But this is precisely 
what was achieved in Persia in the 7th/13th century, although the means 
whereby it was done are not as yet fully known. Be it as it may, it represents a 
major achievement of Islamic mathematics." On the contrary, we know 
precisely how the Maragha astronomers compiled their extensive tables of the 
tangent (and also the sine) function. They simply plagiarized them from the 
Hakimi Zij of the tenth century Cairo astronomer Ibn Yünus. The most super- 
ficial investigation of the tables themselves forbids making such extravagant 
claims for the achievements of the Maragha astronomers. However, it is well 
established that the trigonometric tables in the Sultàni Zij of Ulugh Beg are 
in general accurate to five sexagesimal places: these tables Nasr does not 
mention. 

In assessing the achievements of the astronomers of the observatories at 
Maragha and Samarqand on pp. 105, 109a, and 111a, Nasr might have pointed 
out that no analytic or comparative study has been made of the //khani Zij of 
al-Tüsiand the Sultani Zij of Ulugh Beg, or of the other zijes compiled at Maragha 
and Samarqand. However, we do know that the J/khàni trigonometric and 
planetary tables were lifted from the Zijes of Ibn Yünus and Ibn al-Aclam, 
and we also know that the Zij of Ulugh Beg is based on strictly Ptolemaic 
planetary theory. Thus the only innovations of the Maragha astronomers, 
namely, modifications to Ptolemaic planetary theory, were completely ignored 
by the astronomers of Ulugh Beg at Samarqand. On the other hand, in his 
section on the development of planetary theory Nasr might have mentioned 
that Ibn al-Shàtir of Damascus is the only medieval Muslim astronomer who 
is known to have applied the new planetary theory in his astronomical tables 
(see the bibliography in my article “Ibn al-Shatir” in DSB). It is also important 
to stress that the Islamic modifications to the Ptolemaic system (p. 111a) were 
based entirely on philosophical speculation, not on any kind of observations. 

Let us turn to Nasr's section on astronomical instruments. The section on 
the astrolabe (pp. 118-123) reads like an essay by a first-year student of Islamic 
art. On p. 118a we read that “this multi-functional instrument can determine 
the altitude of the stars, the Sun, the Moon and other planets [!]... It can also 
be used to tell time, and to measure the height of mountains and the depth of 
wells." A meagre description of an analogue computer devised to solve all of 
the standard problems of spherical astronomy! The markings on the plates of 
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the astrolabe are then described as “the circle of declination and the azimuthal 
coordinates"— read instead “altitude circles and azimuth circles". On p. 120 
Nasr writes that “the earliest treatise in Arabic on the astrolabe dates from the 
3rd/9th century and is by Masha’allah’’, but al-Fazari wrote on the astrolabe 
in the 2nd/8th century (neither treatise is extant in Arabic). Nasr also states 
that “. . . the earliest [astrolabe] extant is from 4th/10th century Isfahan”, but 
six earlier Islamic astrolabes from Iraq were on display at the Exhibition 
in London. 

Nasr's discussion of planetary equatoria (pp. 123a-b) is also confused. 
al-Birüni did not, as far as we know, possess a “mechanical astrolabe by which 
the positions of planets and stars were determined with the help of a gear 
mechanism". He did, however, describe an eclipse computer. Nasr continues: 
*[al-Birüni's instrument] was later perfected by the Andalusian astronomer 
Ibn al-Samh with his ‘plates of the seven planets'." But al-Birüni's eclipse 
computer has nothing to do with Ibn al-Samh’s planetary equatorium. The 
diagrams of “the universal instrument of Jabir ibn Aflah" presented on p. 122 
(Figures 57 and 58) are meaningless without explanation; also this instrument 
should hardly be mentioned in a discussion of astrolabes (p. 122a). 

Two instruments which the Muslim astronomers really developed were 
sundials and quadrants. Nasr devotes one sentence to the former (p. 114) and 
ignores the latter altogether, although there are some nice photographs of both 
sundials and quadrants. One of the photos (pl. 72 on p. 119) bears the caption 
*a sundial from Persia" but there is no sundial visible. 

Nasr rightly cites the works of S. Tekeli on the relationship between early 
European and late Islamic observational instruments (p. 126a). But he pushes 
this relationship too far as an "achievement" of Taqi al-Din or, of course, of 
his Persian predecessors at Maragha. He writes: “The mural quadrant in which 
Tycho took great pride and which he called Tichonicus was also built by Taqi 
al-Din and called by him /ibnah. The same is true of many of the other instru- 
ments described by Taqi al-Din and going back ultimately to the Maraghah 
observatory.” It so happens that in medieval Arabic /ibna is the term used for 
the mural quadrant of Ptolemy described in the Almagest. But even in this 
paragraph there occur more serious distortions of historical fact (p. 126a, 
note 31): “S. Tekeli is of the view that the torquetum so popular in the West 
did not come from Turkey but from the equatorial armillae (dë rat al-mucaddil) 
so common in the eastern lands of Islam up to the 9th/15th century." Tekeli 
is here misquoted, and the footnote to one of her publications is a blind 
reference. In fact the instrument called d2'irat al-mucaddil was invented in 
Egypt in the 9th/15th century. Plate 20a on p. 44, labelled “an Ottoman 
compass", is actually a dë frot al-mucaddil! 

Nasr mentions the illustrious Egyptian astronomer Ibn Yünus. Consider, 
for example, the statement on p. 112a: “Occasionally also observatories were 
built for individual astronomers, such as that of Ibn Yünus on the Muqattam 
hill on the outskirts of Cairo." A. Sayili, in his definitive work The observatory 
in Islam, which is actually cited by Nasr, has shown conclusively that Ibn Yünus 
did not have an observatory at all. Again on p. 101: “Ibn Yünus was also the 
first person to make a serious study of the oscillatory motion of a pendulum, 
which finally led to the invention of the mechanical clock." It is significant 
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that no source is cited for this statement, because there is not a shred of evidence 
that Ibn Yunus knew of the pendulum. Again on p. 84: “ [Ibn Yünus] discovered 
that cos a cos b = X [cos (a+ b) + cos (a - b)]." In fact this identity underlies 
two equivalent methods for determining the time from solar or stellar altitude 
in Ibn Yünus's zij. He did not "discover" the prosthaphaeresis formula: it 
was Delambre (ca 1820) who discovered that Ibn Yünus's two methods were 
related by this formula. Again on p. 101a: “Ibn Yünus's Hakimi zij is a master- 
piece of observational astronomy in which many constants have been measured 
anew...." To be sure, Ibn Yünus in the Hakimi zij recorded over one-hundred 
observations made by his predecessors in the ninth and tenth centuries and 
also by himself. But it is remarkable that he did not bother to record in his 
zij a single observation or calculation that he used to derive his own planetary 
parameters. The real achievements of Ibn Yünus are not lessened by the fact 
that he did not have an observatory, that he did not know the principle of the 
pendulum, and that he did not discover the prosthaphaeresis formula of 
trigonometry. 

Nasr's concluding chapter on the achievements of Islamic astronomy is 
perhaps the weakest tribute to the Islamic astronomical tradition. One of his 
final comments on p. 133a must suffice as an example: “But perhaps the most 
enduring contribution of Muslims to the history of astronomy was their 
transforming the Ptolemaic spheres from merely mathematical models to 
physical realities." It happens that we now know that Ptolemy's Planetary 
hypotheses, which was the starting point for Muslim investigations of theoretical 
astronomy, is a description of the arrangement of the heavens based on the 
assumption that the models of planetary motions have a physical existence. 
Also,since modern astronomers no longer believe in the physical reality of the 
planetary spheres, this "enduring contribution" of the Muslims (and the 
Greeks) is not generally recognized today. 

The above quotations by no means exhaust the factual errors and misinterpre- 
tations even in the few pages singled out for discussion in this review. By these 
inaccuracies Nasr has unintentionally failed to do justice to a scientific tradition 
which knew no rival from the eighth to perhaps the fifteenth century. Neverthe- 
less the book has the advantages of being very finely illustrated and having 
been published in the full radiance of the limelight of the Exhibition, and so 
it stands a good chance of being considered an authoritative work on the 
subject. Fortunately, a valuable and richly-documented catalogue of the London 
Exhibition has been prepared by F. Maddison and A. Turner. This catalogue 
provides in its introductory sections a much more carefully documented and 
much more accurate—and no less laudatory!—overview of Islamic science. 
However, the catalogue was not ready at the time of the Exhibition and is 
not yet published. 

Nowhere is this writer more in agreement with Nasr than when he states 
on p. 98b "unfortunately today even some of the most basic works... have 
been only partially studied, not to speak of many which remain forgotten in 
manuscript form in various libraries", so that “almost every day there are still 
important and major discoveries made in this field". There is certainly also a 
need for a synthesis of the available secondary literature in a reliable form. 
It is doubtful that any modern scholar could hope to do justice to the entire 
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spectrum of Islamic science, and persons better qualified than myself must 
judge whether Nasr has done justice to Muslim activity in branches of science 
other than mathematics and astronomy. However, the major achievements of 
the Muslim scholars at least in these two fields were of a highly technical 
nature and do not lend themselves to a popular survey, unless the author is 
fully in control of his subject. 


Smithsonian Institution Project in Medieval Islamic 
Astronomy, 
American Research Center in Cairo 
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The Muslim Contribution to Mathematics. ALI ABDULLAH Ar-DarrA' 
(Croom Helm, London, and Humanities Press Atlantic Highlands, 
N.J., 1977). Pp. 121. 


There is an obvious need for a popular but reliable account in English of 
Muslim contributions to each branch of medieval science. No such 
accounts exist even for astronomy, mathematics, and medicine, major 
sciences in which the Muslims worked for centuries without rivals. S. H. 
Nasr's recent. publication Islamic science is unfortunately riddled with 
errors of fact and interpretation (see the review in the Journal for the 
history of astronomy, ix (1978), 212-19). Now, however, another new 
book has appeared with a title which might encourage the reader to 
believe that the gap has been filled at least for mathematics. The book 
is nicely produced and promises to "present the Muslim contribution to 
mathematics during the golden age of Muslim learning". 

The book consists mainly of a collection of citations from the tertiary 
literature, strung together like a high-school term paper with 2 nice 
reference for every few sentences. There are a few quotations from the 
secondary literature, with the usual over-emphasis on al-Khwarizmi. Errors 
of fact, interpretation, and orthography occur even more frequently than 
the foomotes. The index contains about one hundred and fifty items, 
but only twelve of the entries are names of Muslim mathematicians 
(including the greatest scientist of Islam, al-Biruni, listed under the A’s as 
Abdul Rihan!) The bibliography contains over two hundred items, 
but the vast majority of these have nothing to contribute to the history of 
Islamic mathematics (including Dwight Eisenhower's Address to the 
U.N. General Assembly!) “There are no works listed in French or 
German, or even Russian, which is particularly unfortunate because most 
of the basic secondary literature on Islamic mathematics is in French (by 
Woepcke), or German (by Suter and Luckey), or Russian (by Rosenfeld 
and Youschkevitch). None of the more recent important studies of A. 
Saidan on Islamic arithmetic (in Arabic and English) or A. Anbouba and 
R. Rashed on Islamic algebra (Arabic and French) has been consulted. 
The author is apparently unaware of the existence of H. Suter's Arab 
mathematicians and astronomers and their works (in German), F. Sezgin's 
History of Arabic literature, vol. v: Mathematics (in German), and A. P. 
Youschkevitch's History of mathematics in the middle ages (available in 
Russian and German), or even of the various reliable articles in English 
in The encyclopaedia of Islam and the Dictionary of scientific biography. 
Youschkevitch’s book is still the best survey of the secondary scholarly 
literature on Islamic mathematics, and the chapter dealing with Islamic 
mathematics is now available in a new French translation with additions 
by the author and translators, and an updated bibliography (see the 
review in Journal of the history of Arabic science, i (1977), 111). 

In view of the fact that the author has not used any of this standard 
secondary material on Islamic mathematics it is not surprising that his 
book hardly touches on the impressive achievements of the mathematicians 
of medieval Islam. For these there is still no adequate survey in English, 
but there is a wealth of reliable secondary literature from which such a 
survey could be made. 


New York University 


ADDENDA AND CORR I GENDA 


Bibliographical abbreviations: - 
* Cairo Survey = D.A. King, A Survey of the Scientific 
Manuscripts in the Egyptian National Library, (Malibu, Ca.: 
Undena, 1985). 


* IAI = D.A. King, Islamic Astronomical Instruments, to be 
published by Variorum Reprints in 1986. 
* Iy = Ibn Yanas = D.A. King, Spherical Astronomy in 


Medieval Islam: The H&kimi Zij of Ibn Yunus, to appear. 


+ JAOS = Journal of the American Oriental Society. 

* JHAS = Journal for the History of Arabic Science. 

* JNES = Journal of Near Eastern Studies. 

* Kennedy Festschrift = D.A. King and 6. Saliba, eds., From 


Deferept to Equant: A Volume of Studies in the History of 
Science in the Near East in Honor of E.S. Kennedy, Annals of 
the New York Academy of Sciences, (1985). 

* Kennedy, Studies = E.S. Kennedy, Colleagues, and Former 
Students, Studies in the Islamic Exact Sciences, (Beirut: 
AUB Press, 1983). 


* MAY = D.A. King, Mathematical Astronomy in Medieval 
Yemen, (Malibu, Ca.: Undena, 1983). 

+ SATHI = D.A. King, Studies in Astronomical Timekeeping in 
Medieval Islam, to appear. 

* Z6AIN = Zeitschrift fur Geschichte der Arabisch-Islam- 


ischen Wissenschaften. 


General remarks: The numerous papers of E.S. Kennedy cited 
throughout my own are now reprinted in Kennedy, Studies. A 
bibliography of studies either by Kennedy or inspired by him 
is contained in Kennedy Festschrift. 


II: It should be stressed that the tables described here 
are generally not found in zijes and so were not mentioned 
by E.S. Kennedy in his zij survey — see p. 40. * Pp. 40- 
41: For a survey of multiplication tables, see now XIV and 
and XV. * Pp. 41-44: For a more detailed survey of 
Islamic trigonometric tables, see IY, Part II, Section C. * 
Pp. 44-46: For a more detailed survey of Islamic tables of 
spherical astronomical functions, see IY, Part II, Section 
E, and for a survey of all known tables for timekeeping by 
the sun and stars, see SATMI, Part I. * Pp. 46-48: See 
SATMI, Part II for a survey of all known prayer-tables. * 
Pp. 48-49: See now XIII, 120-122 for a survey of qibla- 
tables. * Pp. 49-51: See SATMI, Part I, Section 9 on 
auxiliary tables. * Pp. 51-55: See further JAI. * P. S3: 
On planetary equation tables, see now V and the references 
there cited, to which add 6. Saliba's studies in J#AS, 1 
(1977), pp. 24-32, and 2 (1978), pp. 53-65. * P. 56: On 
this Abbasid material, see now my "al-Khwarizmi and New 
Trends in Mathematical Astronomy in the Ninth Century," 
Occasional Papers on the Hear East (New York University, 
Hagop Kevorkian Center for Near Eastern Studies), 2 (1983). 


III: An abridged version of this paper, with different 
illustrations and a discussion of the orientation of Cairo, 
was published in Maqarnas, 2 (1984), pp. 73-84. 


IV: See now MAY for a more detailed survey of Yemeni 
astronomy. 


V: Pp. 132-133. On the meaning of the curious term habtaq, 
see now Cairo Sarvey, no. C10. 


VIII: P. 4: The photos of the Escorial manuscript were so 
poorly reproduced in JHAS as to be virtually illegible. They 
are here suppressed altogether, so that the pagination jumps 
from 21 to 42. * P. 5: An astronomer who worked in 
Qayrawan in the tenth century was the Jew Dunas ibn Tamim. 
His activities are discussed in S.M. Stern, “A Treatise on 
the Armillary Sphere by Dunas ibn Tamim” (first publ. 1956), 
repr. as XII in idem, Medieval Arabic and Hebrew Thought, 
(London: Variorum Reprints, 1983). * Pp. 19-20: On this 
table, see now my paper in the Kennedy Festschrift. 


IX: This study was based mainly on MS G of the Cairo 
corpus, in which all of the tables are attributed to Ibn 
Yünus on the title folio (see Cairo Survey, Pl. XXVI). The 
attribution of the tables is actually much more complicated: 
see III 540—542 and 587141. Part II for more information. >œ 
Pp. 362 and 364: For al-Maqdisi, read al-Maqsi (from a 
suburb of Cairo known to this day as al-Maqs). The use of 
the word "plagiarized" was ill-advised - see above. See 
further Cairo Survey, no. C15. * Pp. 368 and 371-373: On 
the qibla and the astronomically aligned ventilators of 
medieval Cairo, see my paper "Architecture and Astronomy: 
The Ventilators of Medieval Cairo and Their Secrets," و2805‎ 
104:1 (1984), pp. 97-133. e P. 373, n.68: For al-Manüfi, 
read al-Minufi. This individual (on whom, see Cairo Survey, 
no. C120) is not to be identified with Ibn Abi '1-—Fath al- 
Sufi. * P. 376: These instructions were certainly not 
written by Ibn Yunus, and are probably due to al-Bakhani qi 
(MAY, no. 13 and Cairo Survey, no. C28). 


XI: P. 109: On tables of the Secant function, see SAINI, 
Part I, Section 6.9. On multiplication tables, see now XIV 
and XV. 


XII: P. 255, n.28: See now F.E. Barmore, "Turkish Mosque 
Orientation ...," to appear in JNES. 


XIII: P. 84, n.10: MS Paris B.N. ar. 2560,11 is indeed a 
third copy of al-Khalili's table. * Pp. 120-122: On these 
tables, see my paper "Some Early Mathematical Methods and 
Tables for Finding the Direction of Mecca," to appear in 
ZEATH. 


XVI:. See now D. Pingree, “Indian and Islamic Astronomy at 
Jayasimha's Court" in Kennedy Festschrift. 


XVII: P. 216: The tangent tables in the Zij-i-Ilkhàni are 
lifted from al-Birüni, not Ibn Yünus. It is the IIkhàni 
sine tables which are taken from Ibn Yünus. 


INDEX OF 


abbreviations: V 135; IX 
3513 XV 414-415 
alignments, astronomical: IX 
371-373 
analemma: XIII 101-102 
angular measure: VII 125, 
128 n.11 
apogee, solar, motion of; 
XVII 215-216 
arithmetic, sexagesimal: XIV 
321 n.2 
astrolabe: III 544-546; IV 
63; VIII 8; IX 3463 XVII 
216-217 
-, universal: III 533, 544- 
545 
astrological history: III 
535, 550; XV 409 
astrology? III 550-551 
astronomy, Arabia, (pre- 
Islamic star cults): IV 
65 5 
-, Babylonian: VI 483 IX 
376 n.73; XIV 3193 XVII 215 
-, Byzantine: V 133, 145 n. 
253 IX 3445 XIV 322 n.3 
-, Chinese: IX 355 n.20 
-, ancient Egyptian: XVII 215 
— in medieval Egypt: III, IX 
-, medieval (Coptic) Egyptian: 
III S33 
-, European: I 1 
-, folk: I 15; III 549-550; 
IV 62, 64, 65 n-S; VIII 9 
—-. Greek: I 15; VIII 4 and 
15 (pre-Ptolemaic planetary 
models) 
—, Hebrew: XIII 108 n.28; 
XIV 322 n.3 
—, Indian: IV 64; VIII 
passi»; Add. 2 
~. Indian, Moghul: XVI 81 
—, Sasanian: VIII 11 
— in medieval Syria: III, 
passim, X passin 
~ in Ottoman Turkey: III 
552 n.46; XII passis» 
- in medieval Yemen: IV 
passim; IX 3443; Add. 2 


Cairo corpus of tables for 
timekeeping: see prayer- 
tables, Egyptian 

Cairo, orientation of: N 1, 
2 

calendar, Islamic: I 1; VII 
124-125 

candle-clock: IX 376 n.73 

clocks, astronomical: III 
545-544; VIII 8 


SUBJECTS 


—, mechanical: XII 253 n.4 

compass, magnetic: III 548 
n. 59 

compendium (astronomical 
instrument): III 549 

computer: see tables, 
recomputation of 

copyists: VI 62, 633 IX 
388; XIII 84; see also 
al-Bahtiti and al ~Dal ami 
in Index II 


d3’ irat و 30021 كنج - زه‎ 
equatorial semicircle: III 
5493 XVII 217 

decimals: XV 413-415 


ethnoastronomy: see 
astronomy, folk 
ephemerides: III 532, 537; 
IV 63 
equatoria: XVII 217 
equatorial semicircle: see 
dz’ irat al-mataddil 


folk astronomy: see 
astronomy, folk 
formulae for spherical 
astronomy: IX 3573 XI 
102-107 
functions, auxiliary: IX 
358-359; XI passi» 
functions, behaviour of: IX 
361, 363, 365, 367, 370, 
3743 XIII 96-97 
-, trigonometric: IX 3513 
see also secant and tables 
-, inverse trigonometric: 
IX 3593 XI 109 
-, linear zigzag: IX 376 
n.73 


Geniza, Cairo: III 537 

geographical coordinates: 
XIII 86 n.12; see also 
tables 

gnomon: IV 64 


Hanafis: IX 569 n.60 


interpolation: IX 354-357, 
3743 XI 109; XIII 98, 106- 
108 


lamina, universal: III 533; 
see also shakkdziya 


Mamluks: III passi» 
manuscripts: I 2, 5 
—. lists of: IV 623 V 131; 


144-146; VI 62-643 VII 121; 
VIII 4, 3-9, 6 n.3, 7 nn. 
2,4-7, 19-20; IX 347-348, 
387-3923 X passi»; XI 99- 
100, 109; XII passi»; XIII 
84, 86 n.12, 99 n.16, 105 
n.25, 120-122; XIV 319- 
3223 XV 406-4163 XVI 
passim 
mathematics: XVIII passim 
— in medieval Egypt and 
Syria: III S51 
- in medieval Maghrib: III 
551 n.45 
“method of declinations": 
VIII 11 
"method of sines": VIII 11 
muezzins: III 534, 550; IX 
345 
puwaqqits: II 46-47; III 
534; VIII 8; IX 345-346, 
3673 X 75 et passi»; XII 
245 et passim 


notation: IX 348-351 

numerals: see abjad in 
Index V 

numerals, Graeco-Coptic: IX 
388 


observations: III 5435; IV 
623 VII passi»; VIII 5, 
6, 93 IX 3433 XVI 81 

observatories: see Baghdad, 
Maragha and Samarqand in 
Index IV 

Observatory of al-Afdal / 
al-Bata’ihi: III 532 

"Observatory" of Ibn Yünus: 
IX 3445 XVII 217 

octants: III 549 

orientations: Add. 1, 2 

Ottomans: XII passim 


parameters, planetary: V 
133, 134; VI 57; VIII 10, 
11 

-, terrestrial latitude 
and obliquity: VII 122; IX 
357; X passim; XI 99, 100 
107 n.73 XII passin; XIII 
86 n.12; XV 409 

pendulum: XVII 217-218 

planetary models: III 537- 
5393 VIII 12-15; XVII 215 

prayers, determination of 
times of: I 1; II 46-48; 
IX 345-347; X passim»; XII 
passin 

prayer~-tables: Add. 1 

-, Egyptian: II 48; V 151; 
IX passi»; X 77-78; Add. 2 

-, Maghribi: VIII 8 

-, Syrian: X passi» 

prosthaphaeresis: IX 360; 
XVII 218 


qibla, determination of: I 


1; II 48-51; 
368; X 83-84; 


passin; 


qibla-tables: 


543; XII 
quadrants: 
XII 249, 


XV 415 


I passin; 
VIII 8; 
254 n.& 


IX 347, 
X1 99; 


II 48-51; 


Add. 


365, 
XIII 


III 
1, 2 


IX 346; 


-, invention of almucantar: 


III 533 
-; sine: 


—, universal: 


Qur’ an: I 


Ramadan: 
Rasuli ds: 
refraction 


secant / c 
Add. 2 


XIII 109-120 


1 
IX 370 
IV 62-64 


» atmospheric: 
345, 373-376 


osecant: 


sexagenarium: XIII 
: III 544-545, 


Shakkaziya 
548-549 
sundials: 


8; IX 346; 


III 546-548; 
XII 253 5 


III 548-549 


IX 


XI 109; 


109 


tables for astrolabe 
tion: II 53-55 
- of auxiliary functions: 


construc 


II 49-51 


83; XI passi»; 


108 
-, format 
- of geog 
coordina 
-, large: 
- of sola 


planetary equations: 


55; V pa 
XIV 322 


3 III 543 


. 
, 


VIII 


x 81- 
XIII 105- 


of: IX 351-353 


raphical 


tes: XIII 86 n.12 
, 322 n.7 
r, lunar and 


XIV 321 


II 


ssim; VI passin; 


n.7; Add. 


1 


- displaying prayer-times: 


see prayer-tables 

— displaying the qibla: 

see qibla-tables 

— for sexagesimal division: 
XV 411 

— for sexagesimal 
multiplication: II 40-41; 
XI 109; XIV passim»; XV 
passin; Add. 1 

—, recomputation of: II 40 
n.13; V 140; VI S6, 357; IX 
353-355; XI 101; XII 247; 
XIII 95 

— of spherical astronomical 
functions: II 44-483; III 
540-5443; IV 63; VIII 8; IX 
passim; X passin; XI pas- 


sims XII 


passin; 


Add. 


1 


— for sundial construction: 
II 51-32; III 547 
— for timekeeping: 
prayer-tables and tables 
of spherical astronomical 
functions 
- Of trigonometric func- 
IX 359; 


tions: 
XI 109; 


II 41-443 
XVII 216; 


Add. 


1,2 


terminology: IX 348-351 
timekeeping: IX 345-547; 
see also tables for time- 
keeping 
-, Ottoman Turkish conven- 
tion: XII 246, 254 n.11 
trepidation: VIII 18, 19 
twilight: IX 365; XI 102-103 
ventilators: IX 365, 371- 
3733 Add. 2 
verse: VIII 3 


-3- 


visibility, lunar crescent: 
VIII 19-20 


winds: IX 371-373 


zero, symbol for: IX 351 

zijes: I 5; II 39-40; III 
535-537; IV passi»; VII 
121; IX 343-345; XVII 215; 
Add. 1, 2 

Zirids: VIII S 

zodiacal light: IX 366 


INDEX OF NAMES 


n.b.: The names of Mamluk astronomers listed in III 
553-555 and authors represented in the Jaipur manuscripts 


listed in XVI are not included. 


“Abd al-Rabim ibn al-Bannà': 
VI 65, 66 

al-Abhari: III 533, 534 

al-Afgal (Rasulid sultan): 
IV 63; V 132 

Ahmad Efendi: XII 250 

Ahmad Mu^ayyid (7): XV 409 

Ahmad ibn Musa: VI 64 

Ahmad ibn Timurbay: III 
550 

Akbar (Moghul emperor): 
XVI 81 

Ibn al-Akfüni: III 542, 
550 

Ibn al-ASlam: XVII 216 

CALI ibn Ahmad: VIII 
8 n.40 

“ALT ibn Amàjür: II 443 IX 
345 

Sali ibn Ibrahim: VIII 8 
nel 

al-*Amilr: XVII 214 

Ibn al-‘Arabani: III 550 

Ibn al-*Arabi, Muhammad ibn 
Muhammad: VIII 8 n.2 

Aristotle: XVII 215 

al-Ashraf (Rasulid sultan): 
IV 63 

Ibn al-*Assal: III 533, 
537 

Ibn al-*Attar: III 549 

al-Aziz (Fatimid caliph): 
IX 343 


al-Baghawi: IX 346 n.10 

al~Baghdadi, “Abd al-Latif: 
IX 372 

al-Baghdadi, Abu '1-Qàsim 
ibn Mabfüz: V 131 

al-Baghdadi, Hasan Shah: V 
145 

al-Bahtiti (copyist): VI 62 

al-Bakhànigi: II 55; III 
535, 541, 542, 545; IX 388, 
389; Add. 2 


Ibn Bakhshish (?): V 144 
n.123 VI 63, 64, 65 

Ibn al-Banna’: II 39 n.11; 
VI 49; VIII 4 n.4 et 
passin; XV 413 

al-Battaàni: II 37, 39; 
III 5323 V 1303 VIII 4, 
103 IX 344, 362, S665; XI 
1013 XIII 81-82 n.3, 99, 
101 n.20, 103 n.22; XVII 
215, 216 

Bayezit II (Ottoman 
sultan): XII 247 

al-Birüni: IX 355 n.20, 
364 n.40, 3663 X 773 XIII 
81 n.2, 101 n.20; XVII 
215; XVIII 296; Add. 2 

al-Bitrüji: II 38; XVII 
215 

Brahe, Tycho: XVII 217 


Cassini: III 552; X 84 
Mulla Chand: XVI 81 
Chioniades, Gregory: V 133 
Chrysococces: IX 344 
Copernicus: III 539 


Ibn al-Dahhàn: III 532 

al-Dalami (copyist): VI 63 

Ibn al-Damiri: XIII 122 

al-Danüshiri: VI 64 

Darendeli: XII 247, 249 

al-Dihlawi, Farid al-Din: 
XV 411; XVI 81 

al-Dirini: III 549 

Dünas ibn Tamim: Add. 2 

Durri, Sulayman: XV 409 


Ibn Abi 71-Fada’il 
(historian): III 535 

Ibn Fallüs: XV 413 

al-Farghàni: II 38, 53-55; 
III 545 

Mullà Farid al-Din: see 
al-Dihlawi 


al-Farisi: IV 62, 64 

al-Farisi, “Umar: III 529 

al-Fási, “Abd al-Rahmàn: 
VIII 3 4 

Ibn Abi 'l-Fath: see al- 
Safi 

al-Faydi, Mustafa: VI 65, 
66 

al-Fazaris VIII 7 n.23 XVII 
217 

Abu 'l-Fidà': III S35, 5393 
VIII 3 n.3 


Ibn al-Ghuzüli: III 549 


Habash: III 532; V 130; IX 
344, 351 n.17, 3663 XI 99, 
107 n.7, 1093 XIII 81 n.2. 
84 n.9, 101 n.20, 103 n.22 

Muhammad al-Habbak: VIII 
8 n.2 

Ibn al-Hà'im (Jerusalem): 
III 551, 552 

Ibn al-Hà'im (Maghrib): 

VIII 6, 7 

al-Hakim (Fatimid caliph): 
IX 3433 XIII 110 

al-Halabi: III 535. S536; 
IX 364; XV 413 

al-Hamdani: IV 62, 65 n.3 

al-Hamzawi: III 535, 5515 
XV 409 

Abu 'l-Hasan ibn ° Abd 
al-Haqq: see Ibn al-H3"'im 
(Maghrib) 

Ibn al-Haytham: III 532; 

IX 3673 XIII 81 n.2, 82 
n.4, 83, 100, 115-118 

al-Haythami: III 549 

Ibn Hil81: VIIIS 

al-Hunaydi: VI 65, 66 

Husayn Husni: XII 252 

Husayn Qus*a: VIII 7 


Ibrahim al-hasib: III S35, 
550 
Ibn Ishaq: VIII ó, 93 XV 


al-Jabarti (historian): 
III 552 

Jabir ibn Aflab: III 539; 
XVII 217 

al-Jadari: VIII 3 n.4, 5 
n.6, 9 

al-Jaghmini: III 552: XII 
246; XIII 81-82 n.3 

Jai Singh: XV 408; XVI 
passim 

Jamliyán, Mahmüd Efendi: 
XV 411 

al-Jayyáni: see Ibn Mu“°adh 

Jihangiri, Sadiq: XII 251 

al-Juzajàni (Cairo): III 
539 

al-Jüzajàni (student of Ibn 
Sinà): III 532 


Ibn al-Kammad: VIII 6, 11 

al-Karadisi: III 547; VI 
64 

al-Karaki: III 543; X 78, 
79, 80 

al-Kaàshi: V 131; IX 355 n. 
20; XI 109; XVI 81; XVII 
214 

Ibn al-Kattàni: III 541; 
IX 391; X 78 

al-Kawashi: IV 623 VII 
121; XIII 121 

al-Kawm al-Rishi: III 534, 
534, 537 

al-Khalili (Shams al-Din): 
II 49, 50; III S35, 
542-545, 552; VI 48; IX 
361, 364 n.38, 3673 X 79, 
80, 80-843 XI passim; XII 
246, 248, 250; XIII 
passim»; Add. 2 

al-Khalili, Sharaf al-Din: 
XI 108 n.15 

al-Kharaqi: III 539 

al-Khattab, Yabya ibn 
Muhammad: VI 64 

al-Khawaniki: VI 64, 66 

al-Khayyat, Mustafa: VI 65 

al-Khudri, Mustafa 
al-Dimyati: V 145 n.2) 

al-Khurfaüni: VI 63, 64 

Khwansari: XV 407 

al-Khwàrizmi: II 37, 39, 
56; VIII 4 et passi»; XIII 
121; XVII 214, 215, XVIII 
296; Add. 1 

Ibn al-Kitàni (sic): see 
Ibn al-Kattàni 

Küshyar: XI 109; XIV 319; 
XV 408 


al-Ladhiqi: IX 348, 370- 
371, 373, 374 

Ibn 31-3351: VIII 8 n.2 

Lalande: III 552; X 84 

Ibn al-Lubüdi: III S33 


al-Maghribi, Muhyi '1-Din: 
III S34, 551 

al-Maghribi, Samaw’al ibn 
Yahüda: XV 408 

al-Mahalli: III 549 

al-Mahani: XIII 103 n.22 

Maimonides: VIII 6 

Ibn al-Majdi: III 535, 537, 
$47, 550; V 129, 131, 133, 
141-142, 145-146 n. 315 
VI 48-49 et passi»; IX 
364, 3723 XI 109; XIII 
112; XIV 319; XV 407 

al-Majriti: VI 64 

al-Ma'mün (Abbasid caliph): 
IX 343; XVII 214 

al-Maqdisi (sic): see al- 
Maqsi 

al-Maqrizi (historian): IX 
372 

al-Maqsi: II 51-53; III 


535, 540, 547-548, 552; V 
1313 IX 362, 364, 388, 
389; X 773 Add. 2 

al-Maridinr, Jamal al-Din: 
III 548, 552 

al-Màridini, Sibt: II 53; 
III 547, 549, 551, 5523 VI 
48; IX 3673; XI 1093 XIII 
82, 98, 110, 111-1155 XV 
407 

al-Marrakushri: III 535, 
539-540, 550; VIII 6; IX 
366 n.46, 367; X 833 XIII 
82, 85, 99-105, 109, 118 

Maàsha'allaàh: XVII 217 

Mehmet II (Ottoman sultan): 
XII 246, 247 

Abū Migra^: VIII 9 

al-Minüfi (Shams al-Din 
Muhammad) : III S343 IX 
373, 3763 Add. 2 

al-Mirrikh?: VIII S 

al-Misrri, Najm al-Din: II 
44-45; III 535, 540, 541, 
552: V 144 n.14; XIV 322 
n.7 

al-Mizzi: III S35, 542, 
543, 552; X 78, 80, 81; 
XIII 86 n.12, 109 

Moshe Galliano ben Yahuda: 
XIII 108 n.28 

Mu*àdh ibn Jabal (Companion 
of the Prophet): IV 64 

Ibn Mu*àdh: VIII ó; IX 367 

al-Mu'ayyad (Rasulid 
sultan): IV 63 

Muhammad (the Prophet): 
III 542; VII 124; IX 346, 
370 

Muhammad ibn Ahmad: VIII 
8 n.4 

Muhammad ibn Katib Sinan: 
XII 247 

Mubammad ibn Muhammad 
(unidentified): XIII 
108 n.28 

Muhammad Shah (Moghul 
emperor): XVI 81 

Muhammad al-Tünisi: see 
Sanjaq Dar 

al-Mujahid (Rasulid 
sultan): III 535, 545 

al-Mukhallalati: XV 412 

Misa Jalinüs/Galinüs: see 
Moshe Galliano 

al-Musta*In (Merinid 
sultan): VIII A 

al-Muzaffar (Rasulid 
sultan): IV 62 


al-Naqqash, Nar al-Din 
“Ali: VI 63, 64 

al-Nasir Ahmad (Maaluk 
Sultan): III 535 

al-Nasir Muhammad ibn 
Qala’ ün (Mamluk sultan): 
III 5 

Nasir al-Din Abu ’1-Fath 


Muhammad (Mamluk amir): 
III 550 

Abü Nasr: XI 99, 107 n.7, 
108 n.19; XIII 84 n.9 

al-Nayrizi: IX 344, 3665 
XI 107 n.7; XIII 81 n.2 


Ptolemy: V 129, 130, 134; 
VI 48, 49; IX 344, 373; 
XVII 217, 218 


03943 Zade: III 552; XII 
246 

Ibn al-Qala‘i: VI 65, 66 

al-Qallàs: VIII 19 

al-@ayini: IX 356 

Qaysar, “Alam al-Din: III 
533 

Oaytbay (Mamluk sultan): 
III S51 

Ibn Qayyim al-Jawziya: III 
551 

al-Qazwini, “Abd al-Rahim: 
XV 412 Ë 

Ibn al-Qifti: 111 S33 

al-Qipjagi, Baylak: III 
555 

Qiryaqus: V 131 

Ibn al-Qunfudh: VIII 4 n.4, 
7 

Que^a: see Husayn Qus*a 

al-Qüshji: III 552; XII 
246 


Ibn al-Raqqàm: VIII 7 

Ibn al-Rashidi: III 541, 
543; IX 389; X 80 

Razi, Mardanshah: XV 408 

Ridwan Efendi: VI 63, 64, 
66 

Ibn Abi "1-8131: VIII 3 
n.4, 4 n.4, 5 


al-Sabti, Abu '1-Hajjaj: 
VIII 6 

al-Safadi (historian): III 
9546 

Salih Efendi: IX 362, 376 
n.56; XII 250-251 

al-Salihi: II S5; III 535, 
536; V 131, 133, 145 
n.21, XIV 322 n.7 

al-Samarqandi: II 41 

Ibn al-Samh: XVII 217 

al-Samali, “Abd al-Majid: 
XV 416 

Sanjaq Dar: VIII 7 

Sanjar al-Kamali: see 
Sayf-i Munajjim 

al-Sarhi, “Abd Allāh: IV 
64, 65 n.3; XV 407 

al-Sarhi, al-Hasan: IV 64 

Ibn al-Sarraj: III 535, 
544-546, 552 

Sayf-i Munajjim: XIII 121 

al-Shakkaz, *A11 ibn 
Khalaf: III 533, 544 

Ibn al-Shstir: II 51; III 


a asya saa 


535, 536, 538-539, 542, 
543, 545-546, 548, 550; V 
146 n.313 VI 48; VIII 7, 
8 n.23 IX 3675; X 76, 78, 
79, 84; XI 99, 109; XII 
2463 XIII 83, 86 n.12, 99, 
1093 XVII 216 

al-Shirazi, Qutb al-Din: III 
537, 538; XVII 215 

Sibt al-Màridini: see al- 
Maridini, Sibt 

Ibn Sina: III 532 

al-Sinhaji, Muhammad: VIII 
8 n.2 

Siraj al-Dunyà wa-’1-Din: 
III 549 

Ibn Südün: III 547 

al-Sufi, Ibn Abi *1-Fath: 
III 535, S36, 549, 552; V 
1313; VI 48, 64, 65; IX 
373 n.68; XIII 1123 XV 407; 
Add. 2 
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Nati jat al-afkar: IX 348, 
370-371, 373, 374 
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Zijes of Ibn al-Kammád: VIII 
6 

ZIij of Jai Singh: see Zi j-i 
Muhammad Shàbi 

Zij of al-Kashi: see 22 j-i 
Khaqant 
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552 

-, Bhawriya Madrasa: III 
534; IX 373 
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554 
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539 
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XV 412 
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Izmir: XII 268 251; XIII 121 
Sfax: XV 408 
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